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Abstract
Supply circuits that harvest energy from surrounding ambient or dedicated sources have
drawn much interest recently for providing a possibility of energy-autonomy to the wire-
less sensing devices. The objective of this thesis is to optimize the power transfer ef-
ficiency of the RF/microwave energy transducers in WSN/RFID applications. For this
purpose, analysis on the power utilization of the wireless devices at different working
states has been done, which implies a space of improving the power transfer efficiency
by employing a novel design concept in the RF/microwave energy transducers.
In order to observe a deep insight of the charge-pump based energy transducer, an an-
alytical derivation has been implemented based on a compact I/V model for MOSFET
working in strong inversion and subthreshold regions. The derivation provides a math-
ematical direction for the impact of the power consumption of the wireless device on the
input impedance of the charge-pump rectifier, which acts as a core element in the energy
transducer. With expressing the input impedance of the rectifier into a shunt connection
of a resistor and a capacitor, as the load current consumption reduces the shunt resistance
increases dramatically while the shunt capacitance holds a relatively constant value. This
work proposes a methodology of employing an adaptively adjusted matching network
between the rectifier and the antenna in order to optimize the power transfer efficiency
according to the instant power consumption of the wireless devices on different working
states.
For read-only wireless devices with no embedded batteries, like RFID transponders, a
tiny storage capacitor of pico-farad which can be charged-up to a certain voltage in micro-
seconds is usually employed as a DC supplier. During the communication between
reader and transponder, the reader radiates RF power continuously to supply the transpon-
der. Extra power supply is required to adjust the matching network electrically for opti-
mal power transfer, which raises a new challenge to the batteryless devices. A solution
is proposed in this work that an auxiliary rectifier with a smaller constant load current
consumption is employed to supply the feedback control circuitries.
Besides, the abovementioned methodology is also applied in charging-up procedure of a
wireless device which employs a supercapacitor as its charge storage. The charging-up
procedure is extended to hours due to the huge volume of the capacitive storage, and the
charging speed becomes a critical issue. During the charging-up, the output voltage of
the recti- fier increases exponentially, while the charging current reduces exponentially.
vii
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The input impedance derived for steady-state is not precisely applicable yet theoretically
directive in this situation. A novel application of adaptively tunable matching network
in transient process is implemented to accelerate the charging process of the wireless de-
vices.
Kurzfassung
Schaltungen, die (natu¨rlich vorhandene oder ku¨nstlich eingebrachte) Energie aus ihrer
Umgebung beziehen und in elektrische Energie umwandeln (“energy harvesting”) haben
in ju¨ngerer Zeit grosses Interesse auf sich gezogen. Mit ihnen soll es zuku¨nftig mo¨glich
sein, vor allem drahtlose Messgera¨te energieautark zu betreiben. Ziel der vorliegenden
Arbeit ist die Optimierung von Schaltungen zur Energiegewinnung aus hochfrequenten
elektromagnetischen Feldern zur Versorgung von drahtlosen Sensorknoten und RFID-
Transpondern. Zu diesem Zweck wurde der Leistungsbedarf verschiedener drahtloser
Gera¨te in verschiedenen Arbeitszusta¨nden analysiert. Diese Analyse zeigt, dass sich die
Effizienz der Leistungsbertragung durch neuartige U¨bertragerschaltungen steigern la¨sst.
Zwecks besseren Versta¨ndnisses von Ladungspumpen-basierten Energiewandlern
wurde ein analytisches Modell erstellt, dessen Kern eine kompakte Beschreibung der
Strom-Spannungs-Kennlinie von MOSFETs in starker Inversion und im Sub-Threshold-
Betrieb darstellt. Die analytische Beschreibung zeigt die Auswirkungen des Leistungs-
bedarfs am Ausgang auf die Eingangsimpedanz des Ladungspumpen-Gleichrichters,
welcher als Kernelement des Energiewandlers fungiert. Diese Eingangsimpedanz kann
als Parallelschaltung eines Widerstands und eines Kondensators aufgefasst werden,
wobei sich der Widerstandswert dramatisch erho¨ht, wenn die am Ausgang des Wandlers
abgegebene Leistung sich verringert. Die Kapazita¨t bleibt dagegen anna¨hernd gleich. Die
vorliegende Arbeit schla¨gt daher den Einsatz eines adaptiven Anpassungsnetzwerkes
zwischen Gleichrichter und Antenne vor, um die Effizienz des Wandlers in Abha¨ngigkeit
vom Leistungsbedarf des zu versorgenden Gera¨tes in verschiedenen Arbeitszusta¨nden
zu optimieren.
In passiven RFID-Transpondern ist keine Batterie eingebaut, sondern ein kleiner Spe-
icherkondensator mit einer Kapazita¨t im Pikofarad-Bereich, der innerhalb von einigen
Mikrosekunden aufgeladen werden und als Energiespeicher (Stu¨tzkondensator) dienen
kann. Bei der Kommunikation zwischen RFID-Lesegera¨t und Transponder sendet das
Lesegera¨t kontinuierlich ein hochfrequentes Tra¨gersignal aus, welches der Energiev-
ersorgung des Transponders dient. Der Leistungsverbrauch eines RFID-Transponders
ha¨ngt stark von dem jeweils ablaufenden Vorgang ab. Um das Anpassungsnetzw-
erk elektrisch auf optimale Leistungsbertragung abzustimmen, wird eine gesonderte
Stromversorgung beno¨tigt. Das stellt bei batterielosen Gera¨ten eine zusa¨tzliche Heraus-
forderung dar. Dieses Problem wird in der vorliegenden Arbeit so gelo¨st, dass ein Hilfs-
ix
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gleichrichter mit einer kleineren, konstanten Belastung eingesetzt wird, um die Regelung
des Anpassungsnetzwerkes zu versorgen.
Die vorgenannte Methode wird auch angewendet wa¨hrend der Aufladephase draht-
loser Gera¨te, welche Superkondensatoren als Energiespeicher nutzen. Die Aufladephase
verla¨ngert sich in diesem Fall aufgrund der groen Kapazita¨t auf mehrere Stunden, und
die Ladegeschwindigkeit wird zu einem kritischen Thema. Wa¨hrend des Aufladevor-
gangs na¨hert sich die Ausgangsspannung des Gleichrichters asymptotisch an, wa¨hrend
der Ladestrom exponentiell abklingt. Die fu¨r den Gleichgewichtszustand hergeleitete
Eingangsimpedanz stimmt in diesem Fall nicht ganz mit der tatsa¨chlichen uberein, gibt
aber immer noch einen sinnvollen Richtwert vor. Eine neuartige Anwendung eines adap-
tiven Anpassnetzwerks wa¨hrend transienter Ladevorga¨ngen wurde implementiert, um
das Laden der Energiespeicher drahtloser Gera¨te zu beschleunigen.
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1.1 Motivation
Wireless sensor network (WSN) and Radio Frequency Identification (RFID) are two emerg-
ing wireless techniques which have drawn many research interests over last decades.
Wireless sensor network has been used in diverse fields, with employing a number of
sensor nodes for environmental sensing (temperature, pressure, humidity, etc.) and mon-
itoring (structural, health, etc.). RFID is mainly used for identification and tracking, like
purchasing and distribution logistics, people and animal identification, international con-
tainer transportation, etc.. Integrating the RFID reader with the wireless sensor node en-
ables to combine the advantages of each [112]. By attaching on a sensor, the RFID reader
can enlarge its operation area with working in a multi-hop topology [25, 130]. Battery is
a traditional option to supply power for remote devices, such as wireless sensor nodes.
Depending on the application, battery can support the remote devices for a certain life-
time. Recharging or changing the battery is a repeated maintenance work which is quite
human-resource consuming, for those devices which are located in the places hard to
reach, is even impossible. Therefore, energy autonomous sensor node has been proposed.
With the aid of the auxiliary energy transducers, the remote device is able to harvest the
power from the ambient/dedicated energy source, such as solar, heat and RF waves, to
self-support the communication with other nodes for a lifetime unlimited by the battery
capacity.
Energy sources have been explored since years, and energy transducers have been de-
signed for various sources. Hybrid energy harvesting system, which aims to utilize dif-
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ferent energy sources in one remote device, is proposed to supplement the single ambient
energy source of which the strength is limited by the environmental situation, e.g. no
sunshine available during night. Energy source like dedicated RF radiation is a promis-
ing option when ambient energy sources are insufficient.
The goal of this work is to improve the RF energy harvesting efficiency in case the load
of the energy transducer is not steady, e.g. in passive transponders, the current con-
sumption strongly depends on the task; to charge a supercapacitor, the load current of
the energy transducer which flows into the supercapacitor reduces dramatically as the
charges accumulate and the load voltage rises. For this purpose, the design of the RF en-
ergy transducer of variant loads is investigated, with a focus on the impact of the variant
loads on the impedance match between antenna and the RF/DC rectifier.
1.2 Research Objectives
The general objective of the present thesis is to improve the RF power utilization of wire-
less sensor nodes and RFID readers. Many efforts have been done in power management,
like to reduce the power consumption of the digital core by regularly setting it in low-
power consumption mode. In this work, the focused problem is to reduce the RF power
radiation which consumes the most part of the battery power, in case the remote device is
used as a power source for a passive device, like RFID transponder. System-level analy-
sis has been done and shows that by adjusting the power radiation according to the need
(current consumption) of the passive devices, large amount of power can be saved.
New problems arise that, in the passive device which usually employ a RF rectifier as
an energy transducer, the load current consumption is not constant but dependent on the
working status of the device. Taking passive RFID transponder as an example, the current
it consumes during the operation varies according to the command it executes. When
harvesting RF power to charge a supercapacitor in a wireless sensor node, the current
flowing into the capacitor is not constant but reduces dramatically during the charging
phase. The load variation of the RF/DC rectifier greatly affects its input impedance. The
traditional design is to employ an impedancematching network between the antenna and
the rectifier for reducing the return loss. For a rectifier with variant input impedance, a
fixed impedance matching network can not anymore guarantee the optimal power trans-
fer for variant load current consumption. Sub-optimal power transfer due to impedance
mismatch largely reduces the power transfer efficiency. For improving the power trans-
fer efficiency in case of variant loads, in this work, it is proposed to tune the impedance
matching network adaptively according to the load situation.
1.3 Thesis Outline
The thesis is organized in four main parts:
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• Part I: chapter 2 as the introduction part introduces the energy harvesting tech-
niques for wireless sensor node application. Four basic energy sources: Solar, Heat,
Vibration, RF, are covered. The energy transducer for each energy source is anal-
ysed. As an example, a hybrid energy harvesting system for the bridge monitor-
ing system is designed with converting power from solar and heat. For improving
the energy conversion performance of the energy transducers, different algorithms
of maximum power point tracking (MPPT) are explored. Finally as a focus of the
work, different RF energy transducers at the circuit level are analyzed.
• Part II: in chapter 3, system-level analysis is done. Different topologies of integrat-
ing the RFID reader with Wireless Sensor Networks are summarized, and analysis
shows the importance of improving the power utilization of the RFID reader to
prolong the battery life. Methodology has been proposed to improve the power uti-
lization by tuning the power radiation of the RFID reader according to the need of
the transponders during both power-up phase and communication phase. A digi-
tal core of RFID transponder is designed, and the power consumption variation in
the time domain is investigated, and the results imply a possibility of reduce the
energy consumption of the reader with adaptively changing the power radiation
of the reader. In the transponder side, a supporting design modification shall be
implemented. Due to the change of the current consumption of the transponder,
the input impedance of the rectifier changes, which requires to adjust the match-
ing network between the rectifier and the antenna to maintain the optimal power
transfer.
• Part III: chapter 4 focuses on the RF/DC power converter design. The dependency
of the input impedance of the rectifier on the load current consumption is inves-
tigated. Analytical derivation has been done to express the input impedance as a
function of the load current. To maintain the optimal power transfer from the an-
tenna to the rectifier, the matching network which located in between is suggested
to be tuned according to the change of the load current consumption. For demon-
stration, a rectifier is designed with employing an auxiliary rectifier for generating
feedback control signals to tune the matching network.
• Part IV: in chapter 5, the input impedance variation of the rectifier during the charging-
up process is investigated. It has been found that, by adjusting the matching net-
work according to the change of the input impedance during charging-up phase,
the charging speed can be significantly improved, and in the power radiator side, a
large amount of power can be saved. A PCB design has demonstrated the propose.
Finally, in chapter 6, a summarization of the work is given, and a directive outlook
has been suggested.
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2.1 Wireless Sensor Networks
2.1.1 Application Profile
Wireless sensor networks (WSNs) consist of a number of sensor nodes, which are able to
collect information from the environment by measuring diverse environment variables,
like temperature, humidity, sound etc.. The wireless sensor networks have been em-
ployed in many applications of different areas, like Structural Health Monitoring (SHM)
[44, 68–70, 83], energy efficient/smart buildings, medical diagnostic/health monitoring
with personal body area network (BAN) [19,75,84], automotives [36,109], precision agri-
culture etc.. Wireless sensor network is also a potential candidate for many emerging
technologies: smart grids, etc.. Some representative applications are briefly presented in
this section.
• Structural Health Monitoring: Monitoring civil infrastructure in real time becomes
essential for predicting and identifying the structural damage caused by excessive
use or natural catastrophes. The sensor nodes are localised in the structures for in-
formation acquisition (e.g. vibration characteristics of a bridge) [82]. A sensor net-
work is employed in the structures that the data obtained by scattered sensor nodes
is processed/compressed and sent to the base station via wireless communication.
• Energy Efficient Smart Buildings: Improving energy efficiency in the buildings is a
rising concern. As estimated by the European Commission [29], 40% of EU’s total
final energy consumption andCO2 emissions are due to the energy use in residential
and commercial buildings. Wireless sensor networks have been applied to sense the
presence of human beings, as well as the light and temperature of the buildings for
automatically controlling the lightning and heating/air conditioning system [101,
105, 125].
• Automotives: Wireless sensor networks have drawn much interest in automotive
industries for safety and control applications, of which, tire pressure monitoring
system (TPMS) is a representative example. By mounting a sensor in the tire, pres-
sure and temperature of the tire can be measured for controlling the tire wear. Fur-
ther functionalities, like measuring the load situation and the friction of the tire, can
be used to enhance other safety systems [120]. Energy-autonomous TPMS has been
developed to miniaturize the device for flexible installation and reduce the battery-
maintenance cost [107]. New applications of WSNs in automotives, like condition
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monitoring, prediction and acknowledgment of the abrasion loss or function failure
of the vehicle components, are under investigation [109].
• Precision Agriculture: The application of applying wireless sensor networks in pre-
cision agriculture has been promoted over years. Through monitoring the changes
of the environment in real time, it is possible to enable a precise and fast response,
such as irrigation, with meanwhile saving abundant human labor. With employing
sensors in the farm to sense the soil moisture, large amount of water can be saved
during the irrigating. In such application scenario, energy-autonomous sensors are
desired for long-term use and less maintenance cost.
• Smart Grids: Traditional electric power grid suffers from the increasing energy bur-
den and lack of monitoring and fault diagnostics, which have been the main causes
of several major blackouts. New concept of a smart grid with secure and reliable
infrastructure has been defined. The smart grid is able of improving the power de-
livery efficiency, reliability and safety, as well as smoothly integrating/deploying
renewable and alternative energy sources with intelligent monitoring and commu-
nication technologies. Flexible and cost-effective wireless sensor networks have
prospective application in the smart grid, to replace the traditional wired moni-
toring systems and enable the residential energy management [27, 41].
2.1.2 Architecture and Design Space Exploration
A sensor node is a tiny, intelligent device, which is composed of four parts [2]: sensing
unit, processing unit, transceiver unit and a power unit, as shown in Fig.2.1. Each node
Sensor Unit
Sensor 1
Sensor 2
Sensor N
.............
ADC
Data Processing Unit
FPGA/DSP/ASIC
Data Storage 
RF Transceiver
RF IC
Power Unit
Power Management Power GenerationPower Storage
TEG/Solar
/Piezo/RF
Fig. 2.1: Design Architecture of a Sensor Node
can be equipped with one or more sensors, which are flexibly installed in variant loca-
tions for long-term environment sensing: temperature, speed, light, pressure etc.. The
8 CHAPTER 2 ENERGY AUTONOMOUS WIRELESS SENSOR NODES
data obtained from the environment is sampled by a A/D converter and then sent to
the processing unit for further computation or storage. Depending on the application
specifications, different data processors (FPGA, DSP, ASIC) can be chosen. The useful
information is then sent to the base station with a RF transceiver. Besides the data trans-
mission, there is a power unit, which usually contains a power storage unit (battery or
super-capacitor) and a power management circuitry to improve the energy utilization of
the node. Among those parts, the transceiver unit consumes the most power during com-
munication with other nodes or base station.
To power up a sensor node, an electricity storage device like battery can be used, and
depending on the battery volume as well as the amount of the power consumption of
the sensor node, a certain lifetime (around a year) of the sensor node can be achieved.
With a limited battery capability, the sensor node can communicate with very restricted
distance. In applications where the sensor nodes are scattered in a smaller-scale physical
range, the sensor nodes can communicate with base stations with sending the samples to
or receiving command from the base station with consuming a small amount of power.
However, in applications where the sensor nodes are located in a large open field, the
sensor nodes are not capable of communicating with the base station. The sensor shall
send the data by hopping through other nodes following the defined network topology,
like tree, star or mesh, which reduces the power consumption of the transceiver unit and
improves the data transmission reliability.
Most commercial wireless sensor nodes are still battery based. Depending on the appli-
cation, the sensor nodes are installed in various locations. Repeated maintenance of the
battery (change or recharge the batteries) is quite a human resource consuming work, and
for those locations hard to reach, even impossible. To extend the lifetime and to improve
the energy autonomy of the wireless sensor nodes, energy harvesting techniques are in-
vestigated to online recharge the energy storage device-battery or super-capacitors. Po-
tential energy sources from the ambient environment are: sunshine, heat, vibration, wind,
RF waves etc.. The energy sources have different power level, and for each, the energy
transducer (solar panel, Seebeck thermal electrical generator, piezoelectric, charge pump)
provides various ability of converting harvested power to electricity. Tab.2.1 summarizes
the characteristics of different energy sources and the typical conversion efficiency of en-
ergy transducers. For each energy source, specific energy transducer is required, and thus
particular power management circuit design.
In the following sections, energy harvester designs for different energy sources: Solar,
Thermoelectric, Piezoelectric and RF wave are introduced, and finally a design example
of hybrid energy harvesting system (HEH) with the target application of bridge health
monitoring is described.
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Tab. 2.1: Comparison of Energy Sources and Transducer Efficiency
Energy Source Source Power Energy Transducer Efficiency Reference
/ Induced Power Level
Solar light Outdoors 0.1W/cm2 3.5%-32% [40]
Indoors 0.1mW/cm2
Vibration Human 1m/s2 @ 50Hz 4µW/cm2 [120]
Industrial 10m/s2 @ 1KHz 100µW/cm2
Thermal Energy Human 20mW/cm2 0.8%− 2.7% [120]
Industrial 100mW/cm2
RF wave Ambient Source (GSM Base Station)
0.01µW/cm2(100m) - 0.3µW/cm2(25m) ∼ 30% [118]
Dedicated Source (EIRP 4W)
1.27µW/cm2 (5m)
2.2 Solar Energy Harvester
Small solar panels have been widely employed in wireless sensor nodes to improve the
energy autonomy of the system by converting the incoming photons into electricity. In the
direct sunshine outdoors, the solar irradiance can achieve 0.1W/cm2 at the earth surface.
The power conversion efficiency of a solar cell can range from 3.5% to 32% depending
on the design material measured under the global AM1.5 (1000W/m2) at 25◦C [40]. The
typical usage environment of the solar energy harvester is outdoor installations [1], e.g.
bridge health monitoring, road sensing, precision farming and irrigation control, etc..
2.2.1 Characterization of Photovoltaic Cell
The output characteristics of the photovoltaic cell nonlinearly depend on the environment
conditions: temperature or irradiation density. The output impedance is not a constant
one, but strongly depends on the environment condition. Fig.2.2 shows the equivalent
circuit of the photovoltaic (PV) module. The characteristic equation of the PV module
[48] [60] is given by Eqn.2.1:
IL = ILG − Isat{e
q
AKT
(VL+ILRS) − 1} − VL + ILRS
RSH
(2.1)
where IL and VL are the output load current and voltage; ILG is the light-generated cur-
rent which depends on the cell temperature and the light irradiation; Isat is the reverse
saturation current of the diode and is dependent on temperature and design material; q
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is the electronic charge, A is diode ideality factor; K is the Boltzmann’s constant; T is the
temperature in Kelvin; RS is the series resistance; RSH is the shunt resistance.
The output characteristic of the solar cell is plotted in Fig.2.3, where VMPP and IMPP are
the output voltage and current of the solar cell when the maximum power is transferred
to the load, and PMPP is the maximum output power. The data is based on the param-
eters extracted for blue solar cells [49], refer to Tab.2.2. Fig.2.4 shows the drift of VMPP
when the irradiance condition changes. Further, the equivalent load impedance is nei-
Tab. 2.2: Parameters for I/V characteristic of Solar Cell
Parameter RS RSH Isat ILG A
Unit mΩ Ω µA A -
Value 68.26 1000 0.1036 0.1023 1.5056
ILG
Rsh
Rs
RL
IL
+
-
V
L
Fig. 2.2: Equivalent Circuit of a Photovoltaic Module
ther a constant one, e.g. during the charging process of a supercapacitor, the equivalent
impedance increases dramatically with the voltage raising and current reducing. To en-
sure the energy harvesting system continuously work with the maximum power transfer
efficiency, maximum power point tracking techniques were proposed to match the load
to the energy source.
A switch-mode DC/DC converter is usually used to convert the output voltage of the
solar cell to a certain voltage for charging the battery/supercapacitor. Fig.2.5 shows a
SEPIC (Single-Ended Primary-Inductance Converter) DC/DC converter [31], which has
the ability of regulating an input voltage larger or smaller than the output voltage. By
tuning the duty cycle of the PWM signal, the input impedance of the DC/DC converter
can be adjusted such that impedance match is achieved at the solar cell output interface.
Assuming the converter operates in the continuous conduction mode (CCM), the duty
cycle of the SEPIC converter shall be set as:
D =
VOUT + VD
VL + VOUT + VD
(2.2)
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Fig. 2.3: I/V, P/V plots of the Solar Cell
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Fig. 2.4: Drift of the Maximum Output Power Point According to the Irradiance Conditions
where, VOUT is the regulated output voltage of SEPIC converter; VL is the output voltage
of the solar cell; VD is the forward voltage of the diode. With a fixed regulated output
voltage for charging the battery and a certain forward voltage of the diode, the duty cycle
is determined by VL. For different irradiance situations, the optimal voltage output of
the solar cell VMPP drifts, for which duty cycles should be tuned to track the maximum
power output point.
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PWMILG
Rsh
Rs IL
VL
Fig. 2.5: Switch Mode DC/DC converter
2.2.2 Maximum Power Point Tracking Techniques
Different MPPT techniques have been exploited: hill-climbing, perturb and observe, in-
cremental conductance, fractional open-circuit voltage, fractional short-circuit current,
etc.. Esram et al. [28] has summarized various MPPT techniques and compared them
in different aspects: the implementation complexity, sensors used for MPPT algorithms,
costs etc.. Different techniques will be revised, and some of them were employed in the
following design examples. The following described techniques are all based on a com-
mon design with connecting the PV arrays with a DC/DC converter, and the maximum
output power point is reached by tuning the duty cycle of the voltage converter.
PWM
IL
VL
ADC
V I
DC/DC 
Converter
Load
Micro-
controller
PV 
Module
Fig. 2.6: Block Diagram of Microcontroller-Based MPPT system
2.2.2.1 Periodical Searching
A direct way of finding the maximum output power point is to record the output power
PL of the PV array with sensing the output voltage and current by tuning the duty cycle
D of the voltage converter over the whole period (from 0 to 1) with a certain step. The
maximum value is searched among the recorded data, with which the optimal duty cycle
2.2 SOLAR ENERGY HARVESTER 13
can be found. The process is run periodically to follow the environment change. To
implement such a technique, A/D converters are needed to sample the output voltage
and current of the PV array, and amicrocontroller is needed to record the data and finding
the maximum value for the output power, according to which further tune the duty cycle
of the PWM signal. The block diagram of the harvesting platform with this technique
is shown in Fig.2.6. This technique uses a very simple algorithm to track the maximum
power point. However, the power consumption of the microcontroller is high due to the
continuously searching and comparing.
2.2.2.2 Hill Climbing / Perturb and Observe
In case of connecting the solar cell to a DC/DC converter, Hill Climbing technique [60,
115, 124] tunes the duty cycle of the converter with a small step. For each step, with the
aid of a A/D converter and a microcontroller, as shown in Fig.2.6, the output current and
voltage of the solar cell are sampled and the output power is then calculated. The output
power is then compared with that obtained in the previous step, and the tuning direction
of the duty cycle is determined. The process continues until the maximum power point
is reached.
Perturb and Observe (P&O [34, 50]) shares a same principle as Hill Climbing. Instead of
perturbing the duty cycle, P&Operturbs the output voltage of the photovoltaic module to
search for the maximum power point. Compared with Periodical Searching, Hill Climb-
ing and P&O trace in a smaller extent of the duty cycle / PV voltage, and the searching
work load is reduced. The main drawback of the two methods is the operation point
oscillates around MPP when the perturbation step size is big [15,28]. To minimize the os-
cillation, the perturbation step size shall be reduced, with tradeoffs of increased searching
duration and power consumption of the processing unit.
2.2.2.3 Increment Conductance
Increment Conductance (IncCond) [55,61,128] is a derivative algorithm of the Hill Climb-
ing and P&O, which are based on the power characteristic of the PV array, as shown in
Fig.2.3. The derivative of the power output over voltage output dP/dV indicates the cur-
rent operation point referring to the optimal operation point: when dP/dV is larger than
0, the current operation point is on the left side of the optimal operation point; when it is
smaller than 0, the current operation point locates on the right side of the optimal opera-
tion point; once it equals to 0, the current operation point is the optimal operation point.
Since the dP/dV can be approximately written as I + V ∆I
∆V
, the algorithm can instead ob-
serve the incremental conductance (∆I/∆V ) of the photovoltaic module, and the optimal
operation point is achieved when the incremental conductance equals to −I
V
.
IncCond cannot fundamentally solve the oscillation problem which are encountered in
the Hill Climbing/P&O methods [34], and encounter the expense of slower tracking
speed by improving the accuracy with reducing the increment size of the conductance.
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2.2.2.4 Fractional Open-Circuit Voltage
Fig.2.7 shows the approximately linear relationship between the open voltage VOC and the
optimal output voltage VMPP under varying environment situations: varying irradiance
and temperature.
KFOC = VMPP/VOC (2.3)
Based on it, the fractional open-circuit voltage method has been developed with mea-
suring the open voltage by periodically disconnecting the solar panel from the DC/DC
converter, or employing a pilot solar cell [42]. This method only approximately indicates
the optimal operation point, but the implementation of the method is much simpler com-
paring with the former methods.
0.5 0.51 0.52 0.53 0.54 0.55 0.56 0.57 0.58
0.4
0.41
0.42
0.43
0.44
0.45
0.46
VOC(V)
V
M
P
P
(V
)
Fig. 2.7: Nearly Linear Proportional Relationship between VOC and VMPP under Different Irradi-
ance Conditions
2.2.2.5 Fractional Short-Circuit Current
Fractional Short-Circuit Current [74] is based on the fact that the short circuit current of
the PV module has a nearly linear relationship with the optimal current. By shorting the
PV module with an extra switch, the short circuit current can be measured periodically
with a current sensor. Once the fractional factor is determined, the algorithm can be
implemented with building a lookup table in the control unit. Comparing Fractional
Short-Circuit Current with Fractional Open-Circuit Voltage, both are based on a linear
approximation and achieve no exact optimal power output. Besides, Fractional Short-
Circuit Current requires more devices for sensing the current.
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PWM
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VL
ADCV
DC/DC 
Converter
Load
Micro-
controller
PV 
Module
Pilot
Cell
Fig. 2.8: Block Diagram of Harvester Platform with Pilot Cell
2.2.3 Solar Energy Harvesting Circuit Design
2.2.3.1 Performance of Employed Solar Panel
Tab.2.3 listed the technical data of the employed solar panel in the following design ex-
ample. For a commercial solar panel of a size 12.5cmX6.5cm, the open circuit voltage can
Tab. 2.3: Technical Data of Employed Solar Panel
Parameter Unit Value
Dimension cm2 81.25
Open Circuit Voltage VOC V 9.33
Optimal Voltage VMPP V 7.29
Optimal Current IMPP mA 11.3
vary between 0V and 9.5V. Fig.2.9 shows the recorded voltage output of the employed
solar panel from 12.August 2011 to 18.August 2011. The solar panel is attached to the
window which faces the south direction. Fig.2.10 depicts the output power changing
with the load impedance when the solar irradiance varies, from which it can be seen that
the load has a strong effect on the induced output power, and for different irradiance sit-
uations, it is desirable to match the solar panel with different loads for maximum induced
power.
2.2.3.2 Power Management Circuitry Design
In this design example, fractional open circuit voltage method is implemented. The PV
array is periodically disconnected from the voltage converter with setting the duty cycle
to 0. The PV array is tested offline under various irradiance to obtain the proportion fac-
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Fig. 2.9: Measured Open Voltage Output of the Employed Solar Panel
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Fig. 2.10: Measured Output Power of the Employed Solar Panel v.s. the Load Impedance
tor KFOC . The measured open circuit voltage together with the optimal voltage is listed
in Tab.2.4, and the fractional factor ranges in a small scale from 0.73 to 0.78.
Fig.2.11 shows the maximum power point drifts with the tuning of the duty cycle of
the PWM signal applied to the DC/DC converter. For further design, the duty cycle
for optimal voltage output depending on the open circuit voltage is tested, as shown in
Fig.2.12. The duty cycle can be adjusted to track the maximum power point with the aid
of a lookup table built based on the measurement of the open circuit output voltage.
The designed solar energy harvesting circuit is shown in Fig.2.13. A low power FPGA
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Tab. 2.4: Fractional FactorKFOC
Open Voltage VOC (V) 7.434 7.763 8.224 8.581 8.92 9.184 9.333
Optimal Voltage Vmpp (V) 5.421 5.68 6.117 6.64 6.6 6.91 7.29
KFOC 0.729 0.7318 0.7438 0.774 0.74 0.752 0.781
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Fig. 2.11: Measured Output Power v.s. the Duty Cycle of the PWM Signal
is employed, and the lookup table is stored in the FPGA. For powering the FPGA, two
voltage regulators are used for obtaining 1.5V and 3.3V, respectively. An A/D converter
is used to sample the open circuit voltage of the PV module VOC when the duty cycle is
set as 0 by the FPGA, and the sampled data is then sent to FPGA for finding the optimal
duty cycle DMPP . Due to the environment situation (nights, cloudy weather), the power
drawn from the battery for powering the auxiliary circuits: voltage regulators, ADC and
FPGA, may be larger than the power harvested from the PV module. When such case
happens, the auxiliary circuits shall be switched off to save power. A hysteretic compara-
tor is used to compare the fraction of the current VMPP with a reference voltage. Base on
the comparison, when the fraction of VMPP is smaller than the reference voltage, a shut
down signal is generated by the comparator and sent to the voltage regulations, with
which, the auxiliary circuits are shut down. Once the power harvested from the PV mod-
ule arises, the voltage regulators are started again as well the auxiliary circuits.
For demonstration, the power harvested by the solar cell is used to charge the Li-ion
battery of a capacity of 4.6AH. Two charging procedures with and without MPPT algo-
18 CHAPTER 2 ENERGY AUTONOMOUS WIRELESS SENSOR NODES
7.4 7.8 8.2 8.6 9 9.4
6
8
10
12
14
16
18
Open Circuit Voltage (V)
D
u
ty
 C
y
cl
e 
(%
)
Fig. 2.12: Measured Optimal Duty Cycle v.s. the Open Circuit Voltage
rithm are recorded simultaneously, as shown in Fig.2.14. The charging procedure has
been started on 01.09.2011 and stopped on 13.09.2011. The strength of the radiated light
is recorded with measuring the induced voltage of an open-loaded solar cell. The blue
line indicates the charging procedure with the maximum power point tracking algorithm
- Fractional Open Circuit Voltage, while the charging procedure with a fixed duty cycle
is represented by the green line. The results show that the battery is charged much faster
with employing the MPPT algorithm. The designed platform can be used for comparing
different algorithms with considering the power consumption caused by implementing
the algorithm.
2.3 Thermal Energy Harvester
In industry, many types of thermodynamic heat engines have been developed to convert
the thermal power to other types of power, such as mechanical work, electricity etc.. A
typical application of the heat engine is the internal combustion engine in automobiles,
where the combustion of the fuel produces heat and gases with high temperature and
high pressure, which further generates the mechanical energy by applying a direct force
to the pistons. In wireless sensor network, to improve the energy-autonomy, it is desir-
able to harvest the power from the ambient heat sources. The traditional heat engine
mechanism is not applicable due to its high design complexity and the need of a large
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Fig. 2.13: Block Diagram of the Designed Solar Energy Harvesting Circuit
amount of dedicated energy sources like fuel.
To harvest power from ambient heat source, energy transducer, which is capable to con-
vert low temperature difference to electricity, is needed. The most common thermal en-
ergy transducer applied in wireless sensor network is the thermoelectric generator based
on Seebeck effect, which can be observed in a conductor/semiconductor. When differ-
ent temperatures are applied at two different points of the conductor/semiconductor, a
voltage difference will be generated. A thermocouple, which is widely used in thermo-
electric energy generators and temperature sensors, is based on Seebeck effect, where two
different conductors/semiconductors are connected in serial. When the temperatures of
the two junctions of each conductor/semiconductor are different, a voltage proportional
to the temperature difference will be produced, please note the function diagram of the
thermocouple in Fig.2.15. Seebeck coefficient S is defined to characterize the material,
which is the ratio between the developed voltage difference and the applied temperature
difference, i.e.:
S =
dV
dT
(2.4)
The Seebeck coefficient depends on both the material of the conductor/semiconductor
and the temperature. For n-doped alloys, the Seebeck coefficient is negative, and for p-
doped ones, it is positive, as the charge carrier (electrons and holes) flowing from the hot
side to the cold side of the material [43]. In the thermocouple, one n-type semiconductor
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Fig. 2.15: Diagram of Thermoelectric Generator with Thermocouple Unit
and one p-type semiconductor are connected in serial. The generated voltage potential
is then dependent on the difference between the Seebeck coefficients of the two different
materials, i.e.:
V =
∫ TH
TC
(SP − SN)dT (2.5)
where, TC and TH are the temperatures of the cold and hot sides, individually, SP and SN
are the Seebeck coefficients of the n- and p-type semiconductors.
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2.3.1 Thermoelectric Materials and Figure of Merits
Besides the Seebeck coefficient, thermal and electric conductivities are also important pa-
rameters to the efficiency of the thermoelectric generator [121]. For example, materials,
with higher carrier concentration like metal or heavily doped semiconductors, have high
electric conductivity, but lower Seebeck coefficient and higher thermal conductivity. Ma-
terials, which are good electrical conductors, are mostly also good thermal conductors,
like metals, which can hardly maintain the temperature difference. By considering the
thermal conductivity κ and electric conductivity σ, a thermoelectric figure of merit Z is
defined as:
Z =
S2 ∗ σ
κ
(2.6)
A dimensionless figure of merit ZT is defined as the product of Z and the average tem-
perature, which is used to measure the efficiency of the thermoelectric materials [43].
Good thermoelectric materials must have high ZT , which means large Seebeck coeffi-
cients, high electrical conductivities and low thermal conductivities to maintain the heat
at the junction and to reduce the heat transfer losses [23]. Semiconductors with proper
carrier concentration are most widely used as thermoelectric materials due to compro-
mise between the thermal and electrical conductivities. The most commonly used ther-
moelectric material has a ZT around 1 [117]. A peak ZT of 1.4 at 100oC in a p-type
nanocrystalline BiSbTe bulk alloy has been reported in [88].
2.3.2 Heat Source
There are abundant ambient heat sources in the environment: solar heat, industrial waste
heat, human body etc..
• Solar: In addition to be directly converted to electricity with photovoltaic arrays, so-
lar energy is a rich heat source. Technology has been developed to convert the solar
energy to heat: solar thermal energy. The heat harnessed by the solar thermal col-
lector can be used in many aspects, ranging from residential use, like heating water
to industrial use, like electric power plants. Thermal mass materials, like water or
concrete, which has high heat capacity, are used to collect and store the heat during
the day and release later during the night. A thermoelectric generator can be used
to convert the collected heat to electricity for powering the wireless sensor nodes, as
presented in [65,129]. Yu et al. attached the hot side of the thermoelectric generator
in the backside of the solar panel, while the cold side with a heat sink to increase
the temperature difference. Since the solar panel is directly exposed in the sunshine,
the temperature is higher than that of the heat sink which is located in the shadow,
even the thermal capacities of the two are quite close. In the structure proposed by
Yu et al., the thermal energy harvester operates only during the daytime together
with the solar energy harvester.
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Another approach is to apply the concept of solar thermal energy technology in de-
signing thermoelectric energy harvesting system. The thermal mass material which
can be attached in one side of the thermoelectric generator stores the heat during
the day. In the other side, a material with low heat capacity, like iron, of which the
temperature raises rapidly when exposed in the sunshine, can be used. The hot and
cold side of the thermoelectric generator exchange during the day and night. Dur-
ing the day, the temperature of the thermal mass material rises slowly while storing
the heat due to its high heat capacity. Conversely, the temperature of the lower heat
capacity material rises rapidly with the solar irradiance. During the night, the ther-
mal mass material releases the heat and the temperature drops slowly; by contrast,
the temperature of the low heat capacity material drops drastically and becomes
colder than the other side. The output voltage changes the polarity as the hot and
cold sides exchange. Therefore, a rectification circuit is needed at the output of the
thermoelectric generator.
• Waste heat: Industrial waste heat is another free heat source. Power stations, vehi-
cle engines and some industrial plants, like steel making, generate a huge amount
of waste heat. Before employed in the wireless sensor networks, the thermoelec-
tric generator has been widely used in recovering the waste heat [92]. The heat
exchanger, which is attached on the hot and cold sides of the thermoelectric gen-
erator to retain the temperature, is crucial for the recovery efficiency [73]. When
installing wireless sensor nodes in the location where waste heat is available, it is
applicable, sometimes even necessary to reuse the energy by converting the waste
heat to electricity. Draney et al. [22] developed ”smart bearing” sensor which can
be installed in a harsh environment like tube engine, where the environment tem-
perature is too high that the battery can not bear. To power such a sensor, the waste
energy is harvested.
• Human Body: The temperature difference between the human body and the sur-
rounding air can utilized to power a low power consumption device [56, 64] which
is attached to the human’s skin with the help of a thermoelectric generator. An-
other application of the thermoelectric generator is to supplement the battery of the
implanted biomedical device by harvesting the power from the slight temperature
difference between the inner surface of the body skin and the core body [122].
2.3.3 Equivalent Electrical Model and Interface Property
The heat flow into the hot side of the thermocouple QH and the heat flow out of the cold
side is QC can be expressed as [18, 97, 98]:
QH = SpnTHIL +K(TH − TC)− 1
2
I2LRin (2.7)
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QC = SpnTCIL +K(TH − TC) + 1
2
I2LRin (2.8)
where, Spn is the difference of the Seebeck coefficient of the semiconductors used in the
thermoelectric element; K is the thermal conductivity of the material; TH and TC are the
temperature of the hot and cold sides, respectively; IL is the generated load current; Rin
is the internal electrical resistance of the material.
The generated electrical power is the difference between QH and QC :
PL = QH −QL
= Spn∆TTEGIL − I2LRin (2.9)
where∆TTEG is the temperature difference between the hot and cold sides of the thermo-
couple.
As seen in Eqn.2.7 - 2.9, besides converting to electrical power, part of the heat power is
lost through the thermal conduction and the other part is as Joule heat loss due to the
internal electrical resistance, which reduces the power conversion efficiency of the ther-
mocouple. A SPICE model has been built [12, 18] to describe the thermoelectric element
electrically, with using the analogies between electrical and thermal variables. Current,
voltage and conductance as electrical variables hold the same relation as Q, T and K,
therefore, can be used as representation variables in the electrical model of the thermo-
electric element, as shown in Fig.2.16(a).
The electrical interface property described by the equivalent The´venin circuit can be de-
rived from Eqn.2.9, with the internal impedance Rin and the open circuit voltage, refer to
Fig.2.16(b):
PL = IL(Spn∆TTEG − ILRin) = IL(VG − ILRin) (2.10)
K
ILRin/2
2
ILRin/2
2
QH
QC
SpnTHIL
SpnTCIL
TH
TC
Rin
RL
VG=Spn(TH-TC)
(a) (b)
IL
Fig. 2.16: (a) Equivalent Electrical Model of the Thermoelectric Element; (b) The´venin Equivalent
Circuit
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2.3.4 Thermal Energy Harvester Design
2.3.4.1 Performance of the Employed Thermoelectric Generator
Tab.2.5 shows the thermal and electrical data of the commercial thermoelectric generator
employed in the test. Fig.2.17 shows the measured matching load resistance RL changing
with the variation of the temperature difference, where the TEG is modelled as a volt-
age source with an equivalent series resistor (ESR), and the smoothing curve tracking the
measured data points is achieved with third-order polynomial fitting. The measurement
depicted that the matching load impedance is not constant, but increases slightly with
the raising of the temperature difference applied to the TEG pad. The open circuit volt-
age VTEG increases dramatically with the increase of the temperature difference, which
implies the necessity of tuning the duty cycle for various temperature differences.
The similar MPPT method employed for photovoltaic energy harvesting can be used for
TEG. For tuning the duty cycle efficiently, it is important to find out the relationship be-
tween the temperature difference and the duty cycle of the applied PWM signal. In this
design, the output voltage of the boost converter is maintained as 2.7V for charging the
supercapacitor. For a boost converter, when its output voltage is a steady value, the duty
cycle of the PWM signal linearly depends on its input voltage which is the output voltage
of TEG, as shown in Fig.2.18(a). Recall Eqn.2.5, the output voltage of TEG is proportional
to the temperature difference, as shown in Fig.2.18(b). Therefore, a linear relationship es-
tablishes between the duty cycle and the temperature difference. In the design, the open
circuit voltage output of TEG is regularly measured, and based on it, the duty cycle of the
PWM signal is tuned for tracking the maximum power point.
Tab. 2.5: Technical Data of Employed Thermoelectric Generator
Parameter Unit Value
Dimension mm X mm 30.0 X 30.0
Seebeck Coefficient Spn V/K 0.0537
Internal Resistance Rin Ω 3.41
Thermal ConductivityK W/K 0.312
Maximum Operating Temperature 0C 150
2.3.4.2 Utilization of Solar Heat
The target application is to supply the power for the sensor nodes which are used for
bridge health monitoring. The main heat source of TEG is solar heat. For well utilising
the solar heat, exploration on several materials has been done. The thermal properties
of the design material of the bridge like stainless steel and brick are examined and sum-
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Fig. 2.17: Matching Load Resistance Changes with the Variation of the Temperature Difference
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Fig. 2.18: Open Circuit Voltage Output of TEG Depends on Temperature Difference
marised in Tab.2.6.
Stainless steel has a very small heat capacity and when exposed in the sunshine, the
temperature of the steel gets high very soon. With a high thermal conductivity, when
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Tab. 2.6: Thermal Property of Some Materials
Material Thermal Conductivity (Wm−1K−1) Heat Capacity (Jg−1K−1)
Aluminium 250 0.897
Iron 80 0.45
Water 0.58 4.1813
Soil 1.5 0.8
Stainless Steel 16 ∼ 0.5
Brick 0.6-1.0 0.9
the sunshine disappears, the temperature of the steel drops soon. To form the high tem-
perature difference, a material with different thermal property is required. Water is a
proper choice for its high capacity and low thermal conductivity that when exposed in
the sunshine, the temperature of the water does not rise very soon, and since the heat will
be kept in the water and when the sunshine disappears, the temperature does not drop
soon. However, attaching a side of the TEGmodule directly to the water is not feasible. In
the test, a cold pack is used instead. By attaching the hot side of the TEG pad to the steel
and the cold side of the TEG module to the cold pack, the open circuit voltage of the TEG
module is recorded over days, as depicted in Fig.2.20. For comparison, a second setup
is constructed by attaching the cold side of the TEG module with a heat sink, and the
recorded data is depicted in the same figure. Fig.2.19 shows the experimental setup: the
stainless steel is exposed in the sunshine, while the cold pack and heat sink are attached
in the other side of the TEGmodule in the shadow. From the recorded data, it can be seen
Sunshine
Fig. 2.19: Experimental Setup of TEG Module
that, the TEG module of which the cold side is attached by the cold pack results in higher
temperature difference than the one attached by the heat sink. Moreover, the cold pack
has high heat capacity, and as the sunshine weakens, the temperature of the cold pack
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drops much more slowly than the steel, which results in a higher temperature in the cold
side and hence a negative voltage output. Both heat sinks, which are of aluminium and
steel, have smaller heat capacity comparing with the cold pack. For the second setup, the
temperature difference between the two sides of the TEGmodule converges to zero as the
sunshine withdraws, and as seen from Fig.2.20, the output voltage of the TEG module is
nearly zero.
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Fig. 2.20: Recorded Voltages of the TEG Module by Attaching the Cold Sides to Cold Pack and
Heat Sink
2.3.4.3 Power Management Circuit Design
The above experiment shows that, when using a thermal mass in the cold side, the solar
heat is well utilized. The induced voltage from the TEG module changes its polarity as
shown in Fig.2.20. Due to the limited voltage amplitude induced from the TEGmodule, it
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is suggested to boost the induced voltage to a higher level. A differential common mode
DC/DC boost converter can be employed. When the output voltage of TEG module is
positive, the positive single-ended circuit is started with a PWM signal generated by the
control unit, and the negative single-ended circuit is opened by a second PWM signal
with a duty cycle set at 0. When the output voltage of TEG module is negative, the
negative single-ended circuit is then started by applying the second PWM signal with a
proper duty cycle, and the positive single-ended circuit is opened with setting its PWM
signal to 0.
Fig.2.21 shows the block diagram of the designed power management circuit for TEG.
The output voltage of the TEG is regularly detected by the controller unit, and the PWM
signal generation is stopped once the energy harvested by the TEG is less than the power
consumption of generating the PWM signal.
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Fig. 2.21: Block Diagram of the Designed Thermal Energy Harvesting Circuit
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2.4 Piezoelectric Energy Harvester
2.4.1 Vibration Source
In the environment, there are plenty of vibration sources ranging from human motion to
industrial machines. Some existing applications with different vibration sources which
have been utilised for energy harvesting are summarized:
• Human Motion: Shenck et al. [62, 103, 104] demonstrated to harvest power from
shoes while people are walkingwith amounted piezoelectric system. The harvested
power is more than 1mW and is sufficient to supply a RFID transponder. Gonza´lez
et al. [39] presented the available possible energy sources which can be found in the
human body’s motion, like breath, blood flow, human walking etc., which can be
converted to electricity for charging the wearable devices, like a MP3 player. [78]
• Rolling of Vehicle Tire: Tire Pressure Monitoring System (TPMS) uses a sensor to
monitor the air pressure of the tire. To power such a system, a big volume bat-
tery is normally employed, and the frequent replacement/recharging of the battery
greatly increases the maintenance costs. An approach of realizing the energy self-
sustaining, is to harvest the power from the vibration caused by the rolling of the
tire with an energy transducer, to continuously charge the battery [54, 89] or even
replace the battery [87].
• Car Engine: Applyingwireless sensor networks in automobiles is to collect technical
data like tire pressure, illumination condition, fuel consumption etc. from a car and
provide to the driver for pre-acknowledgement [109]. The vibration of the engine
can be used as an energy source to power up the surrounded sensors.
2.4.2 Energy Conversion Mechanism
To convert the mechanical motion/vibration to electrical power, three typical conversion
mechanisms can be applied: electromagnetic, electrostatic and piezoelectric. Those meth-
ods are originally proposed for sensors or actuators and can be reversely used as electrical
energy harvester.
• Electromagnetic power conversion employs an inductor, and with moving the in-
ductor in a magnetic field, current flow will be generated in the inductor.
• Electrostatic power conversion can be illustrated with a parallel plate capacitor, and
with moving the two plates relatively to one another, the quantity of the charge over
the plates is then changed when the voltage is held constant.
• Piezoelectric uses special material, which physically deform in the presence of an
electric field, and such material is usually used for sensors or actuators. Reversely,
30 CHAPTER 2 ENERGY AUTONOMOUS WIRELESS SENSOR NODES
the material can produce electrical charges when physically deformed, and with
such a property, the material can be used for energy harvesting by attaching the
material in a vibration device. [93]
In the following section, the piezoelectric power conversion will be described, and a de-
sign based on this design topology will be presented.
2.4.3 Electrical Model and Interface Property
The circuit model of a piezoelectric element is shown in Fig.2.22. The variables in the me-
chanical portion: δin shown as a voltage source, representing the equivalent input stress
which is resulted from the mechanical stress; m shown as an inductor, representing the
effect of the mass; bm shown as a resistor, representing the damping coefficient; Y shown
as a capacitor, representing the stiffness element; Cp represents the inherent capacitance
of the piezoelectric element, for more details about the equivalent circuit, please refer
to [94]. Both mechanical and electrical portions of the piezoelectric element are modelled
mechanical
m bm
Y n
Cp
electrical
+
-
V
+
-
σin
Fig. 2.22: Equivalent Circuit of a Piezoelectric Element [94]
with circuit elements, and the two portions are coupled with a transformer [93]. Based
on the model, Kong et al. [58] studied the source impedance characteristics of the piezo-
electric element and proved the effectiveness of using resistive impedance as a load for
achieving maximum power output when vibration frequency for excitation is around the
resonance frequency band of the piezoelectric element.
2.4.4 Piezoelectric Energy Harvester Design
2.4.4.1 Performance of the Employed Piezoelectric Element
The following information is provided by Mr. Nader Safi, Fraunhofer-Institut fu¨r Be-
triebsfestigkeit und Systemzuverla¨ssigkeit. The target application is to harvest the power
from a vibration absorber which works at a fundamental frequency of 56Hz. A commer-
cial piezoelectric element P-876 DuraAct [86] with a dimension of 61 x 35 x 0,8 mm and
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electrical Capacitance of 45 nF is used as energy transducer in the experiment. Fig.2.23
shows the experimental setup for measuring the electrical characteristics of the employed
piezoelectric element. The piezoelectric element is mounted as a cantilever beam on a
strain gauge strain gauge
P = 
U (t)
R
2
U(t)
U(t)
R
R
Vibration Absorber Vibration Absorber
Piezo Patch 1 Piezo Patch 2
Fig. 2.23: Experimental Setup of the Piezoelectric Power Converter
bending element. One end of the bending element is fixed to a mass which is used as the
vibration absorber. The vibration is stimulated with an electric powered shaker which
generates harmonic signal of 56Hz. As the piezoelectric element vibrates, an AC voltage
is induced. A full-wave voltage rectifier is connected to the piezoelectric element to con-
vert the induced AC voltage to DC voltage. A variant resistive load is employed for the
voltage rectifier. For different applied mechanical strains, the optimal resistive load has
been searched for outputting maximum electrical power. The output voltage/power and
the optimal resistive load have been recorded and listed in Tab.2.7. The output power is
plotted as a function of load resistor, as shown in Fig.2.24, which shows that the optimal
resistive load is not a constant value for variant excitation conditions. The piezoelectric
element excited with a low-level acceleration requires larger resistive load for maximum
electrical power transfer.
2.4.4.2 Power Management Circuit Design
The piezoelectric element generates an AC voltage with a frequency depending on the
applied excitation stress. A rectifier is usually employed to rectify the AC voltage to a
DC voltage. As analysed from the last section, optimal resistive load is not constant but
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Tab. 2.7: Optimal Resistive Load Depending on Mechanical Stress
Mechanical Base Acceleration Mechanical Voltage (V) Optimal Load Output
Curvature (%) Level (g) Stress (N) Impedance (KΩ) Power (mW)
0.0088 2.28 68.29 9.5 75 1.2
0.0163 4.27 136.84 18.8 70 5.05
0.032 9.16 265.72 27.96 45 17.38
0.0473 13.76 395.14 27.33 25 29.88
0.0623 18.18 516.61 28.55 20 40.75
0.0768 22.61 642.74 26.97 15 48.5
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Fig. 2.24: Measured Output Power with Different Resistive Loads
variant accordingly with the applied excitation stress. To achieve the maximum power
output in different conditions (different stress levels), an approach, which is similar to
the MPPT in photovoltaic energy harvesters [80], can be applied. The designed schematic
is shown in Fig.2.25. Considering the measured electrical output characteristics of the
piezoelectric element in Tab.2.7, a buck DC/DC converter is employed to convert the
rectified voltage to a lower level for further charging the battery. The simulation and
experimental results of the designed energy harvester are shown in Fig.4.1, where the
presented data is based on the condition: mechanical curvature of 0.0088%, mechanical
stress of 68.29N , please note in Tab.2.7.
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Fig. 2.26: Measured and Simulated Output Power Versus Duty Cycle
2.5 EHS Design and Application in WSNs
2.5.1 General Structure of Hybrid Energy Harvesting System
Electrical energy can be harvested from variant energy sources. Fig.2.27 shows a struc-
ture of hybrid energy harvesting system for supplying power for a wireless sensor node,
where solar, thermal, vibration and RF energy sources are included. As demonstration,
a hybrid energy harvesting system supplying power for HaLOEWEn sensor node is de-
sign, where energy is harvested from ambient solar and thermal sources through different
transducers: Solar panels and Peltier thermoelectric generators. The harvested energy is
stored in a supercapacitor and further transferred to a second storage lithium-ion battery.
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To adapt to the changing environment conditions, the maximum power point tracking
algorithm is independently implemented for each transducer.
2.5.2 Wireless Sensor Node for Bridge Health Monitoring
TheHardware accelerated LowEnergyWireless Embedded Sensor-Actuator Node (HaLOEWEn)
Fig. 2.28 is an advancedmodular platform developed in our research group for rapid pro-
totyping of distributed sensing/actuating systems. The platform is built around a low-
power FPGA based on non-volatile memory, ideal to use in applications with frequent
switches in sleep mode. The sensor node is designed with a low power consumption
FPGA, and a Li-battery is used to power up the sensor. To online recharge the battery, an
energy harvesting system is designed to harvest power from both sunshine and heat.
The design is for the wireless sensor node application of bridge health monitoring. An
application of an advanced wireless sensor node HaLOEWEn is demonstrated. Measure-
ments from an accelerometer are processed by dynamically reconfigurable circuit imple-
mented on a low-power FPGA and a low power RF SoC Microcontroller. Data is wire-
lessly transmitted to a second sensor node connected to a laptop. A Java GUI allows vi-
sualization of the current state of the node and its environment and provides interaction
functionalities. The sensor node is powered by a battery recharged by a hybrid energy
harvesting circuit. Multiple external sources are used to generate the energy necessary
for long term deployments.
For the design of the sensor node, an Actel IGLOO FPGA AGL1000V5 [77] with 1000k
equivalent system gates as the central unit of the system has been employed. It is by
default extended by a Texas Instruments CC2531 System-on-Chip (SoC), integrating an
IEEE 802.15.4 compliant 2.4 GHz transceiver and a 8051 CPU core [110]. The SoC includes
256k programmable Flash memory and 8K RAM. The system runs with a 32 MHz oscil-
lator. Any node can be connected to a PC via the integrated USB port. Through such
nodes acting as base stations, data can be accumulated and visualized immediately, and
user requests can be disseminated to the whole network. Debuggers can be plugged to
the board allowing simultaneous monitoring of the FPGA and the RF SoC operation. The
FPGA and the RF SoC communicate via a dedicated SPI bus. When running at the max-
imum frequency with a DMA controller, data rate can reach 2Mbps. Both components
have different deep low power modes, which are useful for applications involving long
sleeping periods. The FPGA has a so-called Flash & Freeze Low-Power mode with inter-
nal SRAM retention activated by a dedicated pin driven by the software running on the
RF SoC. The RF SoC is also able to switch off the power supply of the FPGA, resulting in
a deep low power mode with configuration retention since IGLOO FPGAs are based on
flash memory. Thus, FPGA functionality is quickly and energy-efficiently recovered after
sleeping periods. The power consumption of the FPGA in active mode depends on the
implemented design and can range from 4mw to 120mW. When the radio is activated,
47mW have to be added in listening mode and 72mW when transmitting at maximum
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Fig. 2.27: Block Diagram of HEH for Wireless Sensor Node
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Fig. 2.28: HaLOEWEn-Wireless Sensor Node for Bridge Health Monitoring
power output (10dBm), please refer to Tab.2.8.
The platform can be powered by an external power supply available next to the node or
Tab. 2.8: Power Consumption of HaLOEWEn
Mode Power Consumption
All active 75mW
FPGA Flash & Freeze - RF SoC Idle 30.7mW
FPGA + RF SoC deep sleep 50µW
by a battery. If the external conditions are adequate, a hybrid energy harvesting circuit
combining power extracted from different sources has been developed for this platform.
The latest solutions are well suited for monitoring-only systems, but they are inappropri-
ate when the application includes control of actuators. Power generated by batteries or
energy harvesting is not sufficient in this case, and the platform is likely to be supplied by
an external source. A temperature and a light sensor were placed by default on the board.
Further analog sensors may be attached through an external connector. Other parts of the
platforms are customizable modular circuits which are connected to one of the three left
FPGA I/O banks. An FPGA with a relatively high number of I/Os (256) has been cho-
sen to maximize the connectivity of the platform. Available extension boards include,
for example, additional volatile and non-volatile memory, Analog-to-Digital (ADC) and
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Digital-to-Analog (DAC) converters, interfaces to other boards, digital sensors, etc. Each
available I/O bank has a dedicated 50 pins header connector to plug the extensions. The
board is small enough (60 mm x 96 mm) to be easily integrated in various environments.
Accelerometer data captured by the sensor node is pre-processed by the FPGA in order
to reduce the wireless communication overhead. Features are extracted from the data
by configurable processing stages whose functionality is changed at run time. For maxi-
mum power efficiency, resources are shared for different algorithms and programmed in
a time-multiplexed fashion.
Data streams are efficiently processed by using dedicated function units and address se-
quencers. When changing the functionality, new configuration is loaded from an external
memory or loaded by the microcontroller and distributed to the different processing ele-
ments. For more details about HaLOEWEn sensor node, please note [85].
2.5.3 Hybrid Energy Harvesting System Design for HaLOEWEn
Asmentioned, the sensor node HaLOEWEn is designed for monitoring the bridge health.
A hybrid energy harvesting system has been developed for HaLOEWEn, with harvest-
ing power from the available ambient energy sources: solar and temperature gradient.
Printed circuit board has been fabricated, as shown in Fig.2.29. The hybrid energy har-
vesting system (HEHS) is to use a low power FPGA (IGLOO-AGLN060V5-VQ100) to gen-
erate the PWM control signals for the SEPIC converter of solar cell and the up-converter
of thermoelectric generator. Extra triggers are designed to switch off the FPGA when the
power consumed by the FPGA itself is larger than the power harvested from the ambi-
ent sources. For tracking the maximum power point for the solar cell energy transducer,
a power-saving algorithm of ”fractional open-circuit voltage” is applied. The algorithm
applies due to the linear relationship between the open-circuit voltage output and the
optimal voltage output of the solar cell under varying environmental situations. By peri-
odically setting the duty cycle of the PWM signal to zero, the open-circuit voltage output
of the solar cell is sampled by a ADC, and the value is then sent to the FPGA for fur-
ther determining the optimal duty cycle, by using the look-up table which is designed
according to the measured fractional factor.
2.6 RF Energy Harvester
An RF energy harvester consists of the following blocks: antenna, RF-DC converter and a
matching network tomatch the input impedance of the RF-DC converter with the antenna
impedance, as shown in Fig.2.31 The RF power source can be either ambient or dedicated,
as mentioned in Tab.2.1.
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2.6.1 RF-DC Rectifier Topologies
Different topologies have been developed for RF-DC rectifier design: charge-pump; differential-
drive bridge rectifier; gate cross-connected differential-drive bridge rectifier.
2.6.1.1 Charge-Pump Rectifier
Charge-pump rectifier, also called voltagemultiplier, as shown in Fig.5.10, has beenwidely
used in micro-power harvesting circuit [7, 10, 52, 102, 114, 126]. The basic structure of the
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Fig. 2.32: N-Stage Charge-Pump Rectifier
40 CHAPTER 2 ENERGY AUTONOMOUS WIRELESS SENSOR NODES
conventionally used charge-pump rectifier is similar to Dickson’s DC-DC charge pump
architecture [20], whichwas proposed in 1976 and originally used as DC-DCup-converter.
In the RF-DC rectifier application, the circuit is adapted by using the RF input as one of
the complementary clock signals, and grounding the other clock line and the DC input
line. To understand the operation principle of the rectifier, the first two-stage of the mul-
tiplier is considered, which is also usually denoted as voltage doubler. The operation can
be analyzed in two cycles: negative half-cycle, when the input RF signal is negative and
positive half-cycle, when the input RF signal is positive. Assume the threshold voltage of
the diode is VT and the amplitude of the input RF signal is VRF . In the first negative half-
cycle, D1 is conducted, and the charges are transferred to the right end plate of C1. At the
end of the first negative half cycle, C1 is charged to VRF−VT . When the positive half-cycle
starts, D1 is reverse biased and the right end plate of C1 is pushed to 2 ∗ VRF − VT . D2 is
turned on, and charges are transferred to C2. At the end of the positive half cycle, C2 is
charged to 2 ∗ (VRF − VT ). For rectifier with more stage doublers, the DC output of the
former stage doubler is used as a DC bias of the following stage.
One of the performance indices for rectifier design is voltage sensitivity, which is defined
as theminimum voltage amplitude of the input RF signal required to achieve a certain DC
voltage and current at the output of the rectifier [102]. To sense the low induced voltage
at the antenna of the receiver which is several meters away from the power transmit-
ter, as in RFID system, a schottky diode with lower potential barrier is preferred [7, 52].
An alternative is to use a MOSFET transistor with an extra threshold voltage cancella-
tion technique to reduce the transistor’s turn-on voltage. Umeda et al. [114] proposed
a structure for semi-passive RFID tags, in which the gate terminal of the MOSFET is bi-
ased with a DC voltage generated by an external battery. To avoid the reliance on the
extra battery, Feldengut et al. [33] used auxiliary rectifier to generate the gate bias volt-
age. To reduce the high reverse leakage current resulted by constant gate biasing, Kotani
et al. [59] proposed a differential-drive CMOS rectifier where the gate of the MOSFET is
biased by a differential-mode signal. Besides, a gate-drain-connected (diode-connected)
MOSFET with low threshold voltage can be used as a diode. Many submicron processes
like UMC 0.13-µm provide MOSFET transistors with zero threshold voltage, which can
largely improve the voltage sensitivity of the circuit.
Another performance index of the rectifier design is the power conversion efficiency,
which is defined as the output DC power over the RF power at the input of the rectifier. A
large part of the power is consumed by the rectifier. Generally, the power conversion effi-
ciency depends on many design parameters: load condition, input power level, number
of stages, etc. [126, 134]. Considering the first two stages of the voltage multiplier, when
D1 is forward conducted, a current flow through D1 and charges C1. The voltage over D1
has the same phase as the current flow through it, and the diode has a resistive loss. When
input RF signal is positive, D1 is reversely biased, and for a real diode, a certain amount
reverse leakage current flow through the diode, which results in the reverse diode loss.
For a certain load condition and a given input power level, to improve the power con-
version efficiency, the power loss of the rectifier must be minimized by choosing proper
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number of stages or transistor size.
2.6.1.2 Differential-Drive Bridge Rectifier
Full wave bridge rectifier, as shown in Fig.2.33(a), has been used commonly in AC-DC
voltage conversion. The rectifier has a differential input RF signal. In the positive half
cycle of RF signal, diodes D2 andD3 are conducted, while D1 andD4 are reversely biased.
In the negative half cycle of the RF signal, diodes D1 and D4 are conducted, while D2 and
D3 are reversely biased. In the whole cycle, the load capacitor C1 is charged in a single
direction. The DC voltage on C1 can achieve VRF−2∗Vth when the reverse leakage current
and other resistive load are considered, where Vth is the threshold voltage of the diodes.
The circuit starts rectifying once the amplitude of the input AC signal is larger than twice
the threshold voltage of the diode, which reduces the voltage sensitivity of the rectifier. To
improve the voltage sensitivity, a gate-drain-connected N-type MOSFET or gate-source-
connected P-type MOSFET with low threshold voltage can be used instead of the diode,
as shown in Fig.2.33(b). To increase the DC voltage level, a stack architecture is applicable
by cascading the single cell bridge rectifier in stages with employing coupling capacitors
for DC blocking.
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Fig. 2.33: (a) Full Wave Bridge Rectifier (b) Diode-connected NMOS Bridge Rectifier
2.6.1.3 Gate Cross-Connected Differential-Drive Bridge Rectifier
Although by using the diode-connectedMOSFET with low threshold voltage, the voltage
sensitivity of the bridge rectifier can be effectively improved, the reverse leakage power
consumption induced by the MOSFET is not neglectable. An adapted architecture of the
conventional bridge rectifier [30, 59, 123] is to bias the gate terminal with the differential
input RF signal. With biasing the gate terminal, the turn-on voltage of the MOSFET is
reduced, with which, the voltage sensitivity can be effectively improved. Take the ar-
chitecture in Fig.2.34(a) as an example. In the positive half cycle of the RF signal, as in a
normal bridge rectifier, M2 andM3 are conducted, while M1 andM4 are reversely biased.
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Fig. 2.34: (a) NMOS Gate Cross-Connected Bridge Rectifier (b) CMOS Gate Cross-Connected
Bridge Rectifier
The change happens in the bias voltage in the gate terminal of M1 andM3. In the positive
half cycle, M3 is conducted with a bias signal larger than 0 (ground potential) as in the
conventional bridge rectifier, which reduces the threshold voltage of M3 and hence im-
proves the voltage sensitivity. In the positive half cycle, drain and source terminals of M1
are exchanged. M1 is reverse biased at gate terminal with the negative RF signal, which
is lower than the ground potential of the source terminal. With such a bias, the leakage
current induced byM1 is largely reduced. The same analysis can be done for the negative
half cycle.
In NMOS gate cross-connected bridge rectifier, only two MOSFET are biased differen-
tially. To further improve the performance of the rectifier, two PMOSs are used instead,
as shown in Fig.2.34(b). In the positive half cycle, PM2 and NM3 are conducted while
NM1 and PM4 are reverse biased. The bias signal at the gate terminal of PM2 is negative,
which results in a smaller turn-on voltage than the diode-connected mode. The source
and drain terminals of PM4 exchange. The gate terminal of PM4 is biased with the pos-
itive RF signal which is larger the potential at its source terminal and hence reduces the
reverse leakage current. The same analysis can be done for the negative half cycle.
2.6.2 RF-DC Rectifier Design Element
The commonly used devices for rectifier design are MOSFET and schottky diode. The
difference in physical construction results in the dis- and advantages in the application of
RF-DC rectifier design. Tab.2.9 summarizes the pros and cons of both devices.
2.7 Summary
In this chapter, the concept energy-autonomous wireless sensor node is presented. Differ-
ent ambient energy sources: solar, thermal, vibration, RF wave, have been explored, for
each, the energy transducer design has been examined. Power management circuits are
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Tab. 2.9: Comparison MOSFET and Schottky Diode
Device Pros Cons
MOSFET Standard EEPROM Process Compatible Higher Substrate loss
Low threshold voltage < 0.1V
Schottky Diode Not Compatible with Standard EEPROM Process Lower substrate loss
High threshold voltage 0.2V ∼ 0.3V
designed with employing optimization algorithms to follow the variation of the energy
sources caused by the change of the environment. A general concept of hybrid energy
harvesting system has been proposed for battery-based sensor node with rechargeable
capability. For demonstration, a hybrid energy harvesting system combining thermal
and solar energy transducers has been developed for the wireless sensor node which is
used for bridge health monitoring. The prototype design can be further extended with
integrating other type of energy transducers.
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3.1 Integration of RFID with WSN
3.1.1 Radio Frequency Identification (RFID)
RFID (Radio Frequency Identification) technologies have been introduced in many ap-
plication domains in the past 20 years for automatic identification and localization, such
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as supply chain management, purchasing and distribution logistics, access control, peo-
ple and animal identification, international container transportation, airport logistics [32]
etc.. RFID offers consumers a high level of security, service and comfort. For example,
a shopping list for consumers can be created by an intelligent refrigerator and electron-
ically transmitted to the supermarket in the future. Likewise, the company is interested
in RFID technology because it helps cope with the growing requirements. Involving this
technology does not request any new regulatory requirements. For example, the personal
data will not be affected by RFID technology, when it is used in fields such as in-house
production, logistics and inventory management. A RFID system basically contains a
transponder and a reader. The transponder is a data-carrying device and is located on
the subject which is to be identified. The reader is a read or write/read device depending
on the design and technology used, and is used to detect the transponders in its inter-
rogation region [35]. In comparison to classical barcode based applications, transponder
technologies can operate in environments where optical tagging and readingmethods are
not very reliable. The wireless read-out of RFID transponders enables the identification
and tracking of moving objects, therefore, new real-time oriented process structures can
be realised based on this technology. For long range detection, ultra-high/microwave op-
eration frequency is applied to realize the wireless communication between reader and
transponder through the electromagnetic field. The transponders can be designed as ac-
tive, semi-passive or passive. The active transponder employs a battery as its complete
energy source to support bothmicrochips’s circuitry and RF communicationwith readers.
The transponders continuously broadcasts radio signals to be recognized and tracked by
the reader. The semi-passive transponder, also known as battery-assisted passive, uses
a small battery to support the digital section. The RF communication is supported by
the reader with a constantly emitted RF power. The transponder backscatters a signal
by modulating the RF power received from the reader. For low cost applications, the
transponder is usually designed to be passive, and no battery is embodied. The RF power
from the reader is the only energy source of the transponder. When the transponder lo-
cates in the interrogation region of the reader, it draws the power from the RF signal to
activate the digital circuitry. After powering up the transponder, the reader keeps emit-
ting the RF signal to support the communication. The comparison of three different types
is summarized in Tab 3.1. The reading range of the RFID readers depending on the trans-
mission frequency, the permitted transmission power (ranging from 1mWERP to 500mW
ERP (Equivalent Radiated Power)) as well as the design technology can be up to tens of
meters.
3.1.2 Wireless Sensor Networks
Wireless sensor network (WSN) contains a large number of tiny sensor nodes, which
are capable of routing the data with a multi-hop technique. With the diverse informa-
tion provided by the sensor, such as temperature, humidity, blood pressure, acceleration,
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Tab. 3.1: Comparison of RFID Transponders [114]
Type Active Transponder Semi-passive Transponder Passive Transponder
Communication distance Long Moderate Short
Necessity of Battery Need Need No need
Cost High Moderate Low
Wireless 
Sensors
(e.g., 
IEEE 1451.5)
Wireless 
Networking
(e.g., IEEE 802.11
Bluetooth)
Sensor
Networks
(e.g., Fieldbus
Profibus)
Wireless
Sensing Networking
Fig. 3.1: Capabilities of RFID compared with related technologies [8]
vibration etc., wireless sensor network has been deployed in many applications of differ-
ent areas: structural health monitoring, environment sensing, medical diagnostic/health
monitoring, and so on. Since the wireless sensor network supports the multi-hopping
mechanism for data transmission, the communication range of the sensor nodes is greatly
raised up to hundreds of meters.
Liu et al. [66] has summarized and presented the main difference between the two im-
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portant wireless technologies, listed in Tab.3.2, which shows that the two technologies
complement each other and further indicates the advantages of integrating the two tech-
nologies.
Tab. 3.2: Comparison of Wireless Sensor Networks and RFID Systems [66]
Attribute WSNs RFID systems
Purpose Sensing/positioning Identification/localization
Component Sensor nodes, relay nodes, sinks Tags, readers
Protocol Zigbee (IEEE 802.15.4), Wi-Fi RFID Standards (ISO/IEC 18000 etc.)
Communication Multi-hop between sensor nodes Single-hop between tag and reader
Power supply Sensor node battery-powered tag passive/active
reader battery-powered/wire-powered
Price sensor node - medium Reader - expensive
sink-expensive Tag-cheap
3.1.3 Integration Topologies
Several integration technologies have been proposed: in [25], the RFID reader has been
integrated in to a sensor network with a microcontroller used for coordinating the two
parts, where the RFID reader can exploit the multi-hopping communication provided by
the wireless sensor network; Cho et al. [14] has designed an UHF RFID tag chip on which
the temperature and photo sensors are integrated for environmental monitoring; simi-
larly, Robinet at el. [91] has developed a remote-powered tag with a capacitive pressure
sensor integrated on the same die; Torres et al. [112] validated the integration of an RFID
reader to a WSN with the application of identifying the person entering a protected area;
Ramamurthy et al. [90] presented a wireless smart sensor platform with an RFID tag in-
tegrated on it and multiple radio technologies(Bluetooth, Wi-Fi) for instrumentation and
predictive maintenance systems.
From the variant integration technologies, four different topologies of integration have
been classified and summarized in [66]:
• Integrating tagswith sensors (sensor tags): the RFID tags are expandedwith sensing
capabilities, and the RFID reader collects information from the sensor tag by using
the RFID protocol and single-hop communication. Example designs are remote-
powered sensor tag in [91] and tag chip with sensors in [14].
• Integrating tags with wireless sensor nodes: with the integration of RFID tag, the
wireless sensor nodes can be expanded with a unique identity number and RFID
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radio technologies [90]. Some applications reference employed the RFID tag towake
up the sensor node for reducing energy consumption of the node.
• Integrating readers with wireless sensor nodes: the wireless sensor node with a RF
transceiver has routing function and can forward information to/from a larger dis-
tance over hundred meters, which is far beyond the normal range of RFID readers.
Integrating the RFID reader to the wireless sensor node enables the RFID reader
working in a multi-hop topology to enlarge the operation area of the reader. Exam-
ples can be found in [25] and [130].
• Mix of RFID components and sensors: in this integration, the RFID system and
WSN are physically separated, and at the application level, the two systems are
integrated with each other at software layer, e.g., the WSN aids the RFID reader to
find the location of the specific object with the identification information provided
by the RFID system. Representative example design can be found in [13], where
a group tour guiding system is presented with WSN used for finding the location
of the group leader with the identification of the member provided by the RFID
system.
Above integrations show the advantage of combining RFID technologies and WSN. In
this work, the topology of integrating RFID reader to a wireless sensor node has been
focused with concentrating on reducing the power consumption of the reader for pro-
longing the battery usage. The architecture of integrating RFID reader with a wireless
sensor node has been proposed in [25] and [130], where the platform for the wireless
sensor node includes a microcontroller which serves also as a coordinator between sen-
sor node and the RFID reader. In Chapter 2, the wireless sensor node is proposed to be
designed with low-power FPGA. The RFID reader can be also FPGA-based [95] for con-
veniently supporting various protocols, and the FPGA-based RFID reader design will be
introduced in the following chapters in detail. Deploying the FPGA-based wireless sen-
sor node and RFID reader, the integration architecture can be designed as shown in Fig.
3.2.
The following sections are organised as follows: in chapter 3.2, the power utilization is
analysed based on the proposed architecture which indicates the importance of improv-
ing the power utilization of the RFID system and the necessity of employing a novel struc-
ture for reader design with automatically tuneable power emission; in chapter 3.3, a SDR
based RFID reader architecture is introduced which can easily implement automatically
tuneable power emission; in chapter 3.4, the design of the digital core of a transponder
is described together with some power saving strategy. The power consumption of indi-
vidual blocks of the digital core, as well as the power consumption variation over time
including both power-up and communication phases is recorded. Based on the power
consumption of the transponder, a theoretical analysis on power transmission link from
reader to transponder is given. In chapter 3.5, a new structure of reader design is pro-
posed. The difference of the power consumption envelope of passive transponders de-
50 CHAPTER 3 SYSTEM-LEVEL ANALYSIS, OPTIMIZATION OF THE POWER UTILIZATION
FPGA-based
Wireless Sensor Node
RFID Reader
Wireless Sensor 
Node RF IC
RFID
RF IC
ADC
Sensor 1
Sensor 2
Sensor N
Data Processing Unit
Data Storage 
Battery
RF Transceiver
Integrated WSN and RFID Reader
Fig. 3.2: Integration Architecture of Wireless Sensor Node and RFID Reader
signed in compliance with different protocols is considered. The modulation effect of the
power control on forward data modulation is also included in the analysis. All numerical
data concerning transponder is referred to designs based on UMC 0.13-µm technology.
3.2 Power Utilization of RFID System
The power utilization of the proposed architecture can be estimated. The data processing
of the HaLOEWEn platform consumes around 75mW in the activemode, and 50µWat the
sleep mode. The supply voltage of the platform is 3.3V, please refer to Tab.2.8. During the
communication, the RF transceiver consumes muchmore power than the data processing
part, for around 1W, but the duty cycle of the RF SoC is much less and dependent on
the application, here a reasonable value of around 0.01% is assumed. The RFID reader
consumes most power during the reading process. For estimation, it is assumed that
the reader can be totally shut down when it is in idle mode and consumes no power.
Assume a transponder consumes 1µW when being read, the overall power conversion
efficiency is 30%, the transmitting signal is at 2.45GHz, and the antenna gain of both
reader and transponder is 1. To read a transponder located in 5m, the power radiated
by the reader can be calculated with Friis transmission equation, which results in around
0.87W. Assume the wireless sensor node work with a duty cycle of 1%, and reader with
0.067% (read two transponder per minute, each reading process takes 20ms). The average
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current consumption is:
(1% ∗ 75mW + 50µW + 0.01% ∗ 1W ) + 0.87W ∗ 0.067%
3.3V
≈ 0.45mA (3.1)
By using a battery with capacity 2000mAh, the life time of the battery to supply such a
platform is 0.51 year. The power consumed by the reader is 39.2% of the total power con-
sumption. Therefore, it is important to improve the power utilization of the RFID reader
to prolong the battery life.
In passive far-field UHF/microwave RFID transponders, a power harvesting circuit is
employed for converting a part of the collected RF power to DC power supply voltage.
The input resistance changes greatly with the variation of the load current consumption.
In the case where load current is not constant, the matching network is usually designed
for matching the input impedance when the load current is maximum [17], and the re-
ceived power has to be larger than the maximum power sensitivity for obtaining a max-
imum load current. However, an optimal matching network between the antenna and
the power harvesting circuit for one load cannot realize maximum power transfer for
other loads, but results in large return loss and hence bad power transfer efficiency [139].
Instead of having a constant power level on the reader side for generating a maximum
load current in the transponder, a large amount of power will be saved, if the transmitted
power can be tuned according to the needs of the transponder.
In existing RFID systems based on SDR, the emission power of the reader can be con-
trolled according to different standard definitions. Furthermore, in some RFID systems
[111], the emission power of the reader is not constant but increases for some command,
e.g., ”write transponder”. The writing operation of transponder consumes more power,
and to fulfill the needs of the transponder, the power emission of the reader is adjusted
to a higher level.
In fact, the power consumption of the transponder not only varies for one specific opera-
tion, but also changes strongly during the execution of all commands. With a maximum
constant power emission from the reader during the execution of one command, a lot of
power is wasted, which reduces a mobile reader’s battery life time and may cause over-
shoot and reader interference.
3.3 Software Defined Radio Based RFID Reader
Various RFID air interface standards are defined for different target applications, e.g., a
series of RFID air interface standards by ISO/IEC from 18000-1 to 18000-7 for the item
identification world. A diversity of RFID specifications is regulated. Several frequency
bands have been assigned to RFID applications, such as 125KHz, 13.56MHz, 433MHz,
868MHz, 915MHz and 2.45GHz. Each frequency band has an individual parameter defi-
nition: modulation/demodulation, encoding/decoding etc., as shown in Tab.3.3. To sup-
port various transponders, which are designed in compliance with different standards,
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flexible multi-range readers are needed. Software Defined Radio (SDR) is a possible so-
lution to realize a multi-protocol RFID reader.
The Software defined Radio (SDR) is not a new concept; the military and cell phone ser-
Tab. 3.3: Link parameters and anti-collision algorithms
Forward Link Return Link
Protocol Modulation Baseband Modulation Baseband Anti-Collision
coding coding
ISO/IEC 18000-4 ASK Manchester ASK FM0 (Bi-Phase Space) Randomising the
Mode 1 repetition time
ISO/IEC 18000-6 ASK PIE ASK FM0 Dynamic framed
Type A slotted ALOHA
ISO/IEC 18000-6 ASK Manchester ASK FM0 Binary Tree
Type B slotted ALOHA
ISO/IEC 15963 ASK 1 out 4/256 PPM ASK Manchester Dynamic framed
/18000-3 Mode 1
vices have considered and used it for many years, because both of themmust serve awide
variety of changing radio protocols in real time. Many components of the designed RFID
reader system, which are typically implemented in hardware (e.g., encoder/decoder,
modulators/demodulators, detectors etc.), are implemented in software.
Industry has applied SDR technologies to RFID systems [37, 111]. With employing SDR,
several parameters can be reconfigured: operation frequency, modulation scheme, air
protocol, transmitted power.
The design philosophy of the SDRRFID,which supportsmulti-frequencies, multi-protocols
and automatic power control, is explained in this chapter. A successful communication
system always bases on three principles [99]:
• Modularity, i.e., the abstraction of the larger system into smaller, self-contained sub-
systems, each with clearly defined behaviours and boundaries;
• Standardization, i.e., the construction of a broad agreement on architectures, mod-
ule definitions, interface definitions, languages and protocols;
• Renewal, i.e., the ability and willingness to adopt improvements in technology and
architecture as they become available in a new environment.
These principles can yield benefits such as: the designs are made easier and clearer, more
components are reusable, and most importantly, they are suitable for the large project
design and extension for the gradual evolution of technology [95]. In this work, a RFID
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reader, in which the most functions are done in software (Software Defined Radio), is go-
ing to be designed. It supports multi-frequencies, multi-protocols and automatic power
control (Standardization), bases on modular design (Modularity), and can be extended
easily by adding new features into software component (Renewal). The design is realized
on Xilinx XUPV2P board, using the principle of SDR.
Besides the common factors, the other factors are also encapsulated into modules, be-
cause the modularity of the RFID reader system enables co-existing of many functions
and makes the renewal possibly and easily. For example if the software is expected to
read a tag under protocol EPC Class-1 Generation 2 [26], only a small incremental mod-
ule needs to be added to the software in order to link the protocol and necessary modules,
because all required function-blocks are already existed in software database.
The implementation of such a SDR reader, which supportsmulti-frequencies, multi-protocols
and automatic power control, will be detailed explained in the next chapter.
In this work, a multi-protocol reader architecture for UHF and microwave RFID systems
is proposed, as shown in Fig.3.3. The software and hardware architecture of the multi-
protocol RFID reader is shown in Fig.3.4. The control of frequency, modulation schemes,
power emission are implemented with a software defined radio technique. Currently
the digital frontend is implemented based on FPGA, and the RF part is simulated with
Matlab Simulink, see Fig.3.5. The current version of SDR RFID reader supports ISO/IEC
18000-4Mode 1 at 2.45 GHz, ISO/IEC 18000-6 Type A and B at 860-960MHz and ISO/IEC
15693/18000-3 Mode 1 at 13.56 MHz; therefore, it is a platform of standardization. After
assembling, encoding and modulation of the command according to the protocol defini-
tion, the digital frontend of RFID reader sends data frames (which are finally delivered to
the tags) to the analog frontend of the reader. Two control signals are sent out individually
to set carrier frequency and power density of sending. The responses of the tags which
are received by the analog frontend of the reader will be demodulated and decoded. The
information of the valid responses is then redirected to the remote PC via network.
3.4 Power Consumption of Passive Transponders
In passive far-field UHF/microwave RFID transponders, a power harvesting circuit is
employed for converting a part of the collected RF power to DC power supply voltage.
The transponder has different operations based on the received commands, i.e., compare,
read/write memory, idle [46, 47], and the current consumption is not constant but varies
over time with respect to different operations. The impedance which is seen from the
input of the power harvesting circuit varies with the change of the consumption current
of the transponder. Therefore, an optimal matching network between the antenna and
the power harvesting circuit for one operation cannot realize maximum power transfer
for other operations.
The research is continued with investigating the power consumption variation of the
transponder over time for different operation status, and theoretically evaluating the
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Fig. 3.3: SDR Based RFID System
power saving with employing the automatic tuneable matching network. In this work,
the digital section of transponder was developed in compliance with ISO 18000-4/6 [46,
47] and the Faraday low-leakage standard cell library based on UMC 0.13-µm technology
was used to synthesize the designed circuit. The power consumption of the designed cir-
cuit is estimated with Synopsys PrimeTime, aiming to examine the power consumption
variation of the digital section in real time. The architecture of the power supply section
of a passive transponder is shown in Fig.3.6. Passive transponders usually employ a volt-
age rectifier to convert the RF signal to a DC signal as power supply. The output voltage
of the rectifier can change strongly according to the change of the input power as well
as the load current consumption. Therefore, a voltage regulator is used to regulate the
rectifier output by comparing with a stable voltage reference. After the output voltage
of the regulator achieves a desired value, an increase of the rectifier output voltage will
be observed when the load current consumption drops, even with a stable power at the
rectifier input. In order to avoid voltage overdrive, the normal method is to employ a
voltage limiter which provides a bypass path for rectifier’s direct current (DC) to flow
through [5, 16].
Besides, a large storage capacitor is necessary to work as the on-chip battery when very
low power is available at the transponder due to the forward and backward modula-
tion [5]. From this point of view, a large capacitor is preferred to keep the supply voltage
stable even when the load current is large. However, large capacitor means large chip
area and consequently high cost. A small storage capacitor makes the modulation with
large depth difficult especially when the load current is big. These aspects lead to a trade-
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off for choosing the storage capacitor.
Now the operation of passive RFID transponders is to be considered. The analysis is
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divided into two phases: power-up and communication phase. In power-up phase, the
reader sends a continuous wave to the passive transponder to charge up the load capaci-
tor to a certain desired voltage level; after the first phase, the reader starts to send data to
the transponder and the communication phase begins. Now the power consumption of
the transponder in these two phases is to be analyzed separately.
3.4.1 Power-Up Phase
During the power-up process, no data are received, and the digital section of transpon-
der does not work. Therefore, very little power is consumed by the digital part of the
transponder. The load current of the rectifier mainly charges the storage capacitor to
the desired voltage level. The current is neither small nor constant. The reader starts
with an initial emission power level to power up the transponder. When the regulated
voltage achieves the desired value at transponder, the charge current (output current of
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rectifier/current flowing through the pass transistor) drops dramatically, and the output
voltage of the rectifier increases correspondingly. The voltage limiter starts to work to by-
pass the direct current in order to keep the rectifier voltage in a certain range. However,
large amount of power is wasted by bypassing the current. Moreover, in spite of the fixed
charging time defined by protocols [46, 47], the required time for charging the regulator
output voltage to the desired value is uncertain. It depends on the size of the pass transis-
tor of the regulator, the value of load capacitor and the available input power at rectifier.
Currently, available standards do not allow the talk between reader and transponder dur-
ing the charging time. In case that the transponder is powered up before the defined time,
the remaining power will be wasted by bypassing the current.
For example, the output supply voltage Vsup is set at 1V, which is a reasonable value for
the applied technology. The maximum current consumption of the chip is set as 5µA,
and the equivalent load impedance RL is 200KΩ. For 100% ASK modulation depth and
to keep the supply voltage stable, the discharge time RL ∗ CL must be at least 10 times as
the signal ’0’ period, which in this calculation has a value of 12.5µs [46,47]. This results in
a storage capacitor CL of 625pF. The pass transistor of the LDO (low dropout) regulator is
designed with a size W/L equal 5µm/0.12µm. The simplified circuit is shown in Fig.3.7.
Two simulations are executed: in the first one, a continuous wave with constant enve-
lope is sent to rectifier; in the second one, the RF signal amplitude is reduced by 20% after
the supply voltage achieves 1V, and the results are shown in Fig.3.8 and Fig.3.9, corre-
spondingly. As it can be seen from the simulation results, without power control, after
the regulated voltage Vsup achieves the desired supply voltage 1V, the current flow to the
storage capacitor IC starts to drop dramatically, and the output voltage of rectifier Vrec
increases greatly. If a voltage limiter is applied, Vrec will be brought down by bypassing
the extra charges. In the second simulation, the input power of the rectifier is changed to
a lower level once the regulated voltage Vsup achieves the desired value, and the output
voltage of rectifier Vrec is brought down without applying voltage limiter.
Now it is an open question how to make the reader cognize the completion of power-up
phase, such that it could change the emission power level. A backward talk is assumed to
be executed. If the change of the charge current can trigger a feedback signal to the reader,
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with which reader knows the power up phase is done, the reader can emit less power or
start the communication phase. Assuming a single tag scenario in which the transpon-
der is not moving, with the charging time and known transponder circuit properties, the
reader can evaluate the distance to the transponder and further decide how much power
it needs to emit for the communication phase.
3.4.2 Communication Phase
After the communication phase started, the power consumed by the transponder is not
constant neither. The transponder has different operations based on the received com-
mands, i.e., compare, read/write memory, idle [46, 47], with which different function
blocks in the transponder, e.g., comparator, memory, CRC (Cyclic Redundancy Check)
etc., are enabled. Therefore, the current consumption varies over time and the received
commands.
In this work, a methodology of real-time operation-dependent power consumption anal-
ysis for passive transponders was proposed with classifying the command sets. The digi-
tal section of a passive transponder was designed in compliance with ISO/IEC 18000-4/6
using a Faraday low leakage library based on the UMC 0.13-µm technology. The power
consumption of the transponder was estimated under different operations with Synopsys
Primetime, considering both static and dynamic power consumption. Simulations were
done to investigate the power consumption variation over time.
3.4.2.1 Design of RFID Transponders
ISO/IEC defines a series of RFID air interface standards from 18000-1 to 18000-7 for the
item identification world. A diversity of RFID specifications is regulated. Several fre-
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quency bands have been assigned to RFID applications, such as 125KHz, 13.56MHz,
433MHz, 868MHz, 915MHz and 2.45GHz. Each frequency band has an individual pa-
rameter definition: modulation/demodulation, encoding/decoding etc..
ISO/IEC 18000-4 mode 1 and ISO/IEC 18000-6 type B define the same forward and return
link parameters for passive transponder operating. The commands are divided into the
following functional groups: selection commands, to define a subset of tags on the inter-
rogating region; identification commands, to perform to run the multiple tag identifica-
tion protocol; data transfer commands, to start the operation of reading from or writing
to the tag memory [46, 47].
Mandatory operations of transponder include: delimiter checking, command decoding,
CRC checking, UID or data comparison, read/writememory, CRC code generating, frame
building etc.. For different commands tag performs different operations with different
time cost. For example, with the ’Initialize’ command, the tag shall go to the initial state
without implementing comparison or memory access; with the ’Selection’ command, the
tag shall compare the received UID with its own UID, and then decide the further op-
eration. In this work, the digital section of passive RFID transponders is designed and
is synthesized with low-leakage standard cells from the Faraday library based on UMC
0.13-µm technology. The design contains the following functional blocks:
• Delimiter Check: check the start of the frame;
• CRC Checking: check the received frame with CRC-16;
• Serial to Parallel converter: converts the received serial data to parallel, and store
the command, address, data etc to corresponding buffers;
• Command Decoder: decode the command, and give instructions to FSM;
• FSM: finite state machine, contains ready, ID, data exchange states;
• Comparator: compare the received data with the data in specific memory address;
• Collision Arbitration: includes an internal counter and pseudo random bit genera-
tor;
• Memory: synthesized with register arrays;
• Transmitter: includes CRC generating CRC-16 for the data to be transmitted; output
register to store the output data.
The total area of the designed circuit is 89195µm2.
3.4.2.2 Power Consumption of the Digital Core
In this design, the power consumption of individual functional blocks and the variation of
the total power consumption over time are examined. With different commands, the tag
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Fig. 3.11: Waveform of Tag Simulation
has different operation time and different activate function blocks. The dynamic power
management strategy–clock gating technique is utilized, and the low-leakage standard
cells for static power saving are employed.
For CMOS designs, the total power consumed by a circuit can be divided into two cat-
egories: static power and dynamic power. Static power is due to the reverse-biased
diode leakage or source-to-drain subthreshold leakage current when the transistors are
not switching. The static power is also called leakage power and is dependent on the
voltage, temperature, state of transistors. The leakage power is relatively constant and
independent on the logic transitions. Dynamic power is the power consumed during the
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logic transition. Dynamic power contains two parts: one is from the charge or discharge
the load capacitors during the voltage change, and the other is the short-time short cir-
cuit current between NMOS and PMOS. The value of dynamic power consumption is
strongly dependent on the switching activities [9]. The mathematical expression of total
power consumption is as follows:
P = V × Ileak︸ ︷︷ ︸
Pleak
+ 〈C × V 2 × f + V × Isc〉 ×N︸ ︷︷ ︸
Pdyn
(3.2)
where, Ileak is the average leakage current; Isc is the mean short circuit current between
NMOS and PMOS and is proportional to the operating frequency; Pleak and Pdyn are the
leakage and dynamic power consumption respectively; V is the supply voltage; C is the
average load capacitor; N is the number of switching activities.
For passive RFID tags, the transmission data rate is around 40bit/s, and the main operat-
ing frequency of designed digital section is set as 40kHz. With this operating frequency,
the switching activities are not dense, hence a low dynamic power consumption. To bring
down the static power consumption, the low leakage standard cells are used. To reduce
the dynamic power consumption, clock gating technique is applied, and the clock signal
of those unused blocks is switched off.
3.4.2.3 Power Consumption of Individual Blocks
A test bench has been designed: the input frame with the ’Selection’ command. The
simulation ran for 7ms, with which the UID of the designed transponder is sent back.
The tag first does the CRC checking with the received frame. Once the CRC checking
is successful, the tag executes serial to parallel conversion and stores the serial data to
corresponding buffers. The command decoder decodes the data in the command buffer
and sends an instruction to the finite state machine. The finite state machine enables the
comparator to compare the received data with the data in the received memory address.
When the data received matches with that of the targeted memory address, the tag sends
its UID back. Tab.3.4 shows the data of the power consumption for different function
blocks. With the employment of low-leakage standard cells, the leakage power is less
than 3% of the total power consumption, which is independent of switching activities
and is constant over time. The dynamic power is dominant in total power consumption,
which is proportional to the operation frequency and switch activities.
From Tab.3.4, it can be seen that more than 60% is consumed by memory, comparator and
transmitter. These blocks are designed with an enable signal and with automatic clock
gating technique from Synopsys PrimeTime, the clock gates are automatically inserted by
replacing the register enable signals with gated clocks, which greatly reduced the power
consumption by the clock buffer tree and hence the total power consumption.
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Tab. 3.4: Power Consumption of Individual Blocks
Hierarchy Dynamic Power/W Leak Power/W Total Power/W Percentage
Digital Core 3.954e-7 1.04e-8 4.06e-7 100
Delimiter Check 1.034e-8 6.68e-11 1.04e-8 2.6
S/P converter 6.01e-8 6.72e-10 6.08e-8 15
CRC checking 2.197e-8 9.96e-11 2.21e-8 5.4
Command Decoder 1.18e-8 1.97e-10 1.20e-8 3
Comparator 9.08e-8 2.34e-9 9.31e-8 22.9
Collision Arbitration 3.55e-8 1.43e-10 3.56e-8 8.8
Memory 7.91e-8 6.15e-9 8.53e-8 21
Transmitter 7.79e-8 7.02e-10 7.85e-8 19.4
FSM 2.19e-9 2.22e-11 2.22e-9 0.5
Flag Register 5.7e-9 1.85e-11 5.72e-9 1.4
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Fig. 3.12: Power Consumption Variation over time
3.4.2.4 Power consumption Variation in time domain
Two simulations are done to investigate the power consumption variation over time: one
input frame with ’Selection’ command, address, data and correct CRC code; the other
input frame with wrong CRC code. With a wrong CRC code, the further operations like
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Fig. 3.13: Power Transmission Link
comparison, memory access, CRC generating are not executed. The simulations are run
with a step of 0.5ms, and the power consumed by the tag is recorded. Fig.3.12 shows the
power analysis over time. The solid line presents the power consumption of the tag when
the CRC checking of the received frame is not correct, while the dashed line presents
the power consumption when CRC checking is correct. It can be seen that the power
consumption of the tag strongly varies over time. The minimum power consumption is
around 0.18µWwhile the maximum is 0.52µW.
3.4.3 Power Transmission Link
The matching network is designed for the maximum power consumption. With less
power consumption, mismatch happens, and the power transmission still ensure the
power requirement at the tag. However, the power conversion efficiency is strongly re-
duced. Take the ’Selection’ command with correct CRC checking as an example. Assum-
ing that the overall power conversion efficiency (including the power transfer efficiency
of the matching network) is 30% [139], with maximum power consumption of 0.52µW,
the received power of the antenna has to be at least 1.73µW in order to obtain the maxi-
mum load current. When the transponder operates consuming less power, for example,
0.18µW, the power utilization efficiency is only 10%. In this case, if a matching network is
tuned with a feedback control signal, and a reader with automatically adaptive emitted
power, a considerable portion of power will be saved.
Fig.3.13 shows the power transmission link between reader and tag. The power emitted
from the reader is Pr; the reader antenna gain is Gr; the transmission distance is d; the
tag antenna gain is Gt; overall power conversion efficiency including the power transfer
efficiency of the matching network and the power conversion efficiency of the power har-
vesting network is η; the power consumption of the tag is Pt, and the operation frequency
is fc. The power transmission link can be expressed with the following equation:
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Pt = Pr + 147.6− 20log(d)− 20log(fc) + 10log(Gr) + 10log(Gt) + 10log(η) (3.3)
For simplicity, it is assumed that an omnidirectional antenna for both reader and tag is
employed, and the antenna gain is 1. The distance is set as 10m, and the operation fre-
quency is set as 2.45GHz for calculation. The optimal overall power conversion efficiency
is set as 30%. Without employing the adaptive power emission at the reader and auto-
matic matching network at tag, the power emitted from reader has to fulfill the maximum
power consumption of the transponder. With the above assumptions, maximum value of
Pt equals 0.52µW, which results a Pr = 1.8W. To execute the ’Selection’ command, the av-
erage power emission is 1.8W.With employing the adaptive power emission at the reader
and the automatic matching network at tag, the power transfer efficiency of the matching
network is supposed to be optimised for all load power consumptions. The reader emits
power adaptively according to the tag’s needs, with the maximum emitted power 1.8W,
and minimum emitted power 0.625W. To execute the ’Selection’ command, the average
power emission is 1.2W, which saves 33% emission power.
3.5 Automatic Power Control
Based on the theoretical analysis in the previous section, it is necessary to build a reader
with the ability of controlling the emission power according to the power consumption of
transponders. Besides, for a cognitive reader which can communicate with tags designed
based on different protocols, the power emission has to be tuned in real-time, but differ-
ently for varying tags.
The following two aspects are considered: first, the control of power emission of the
reader has to be adjusted for different protocols; second, the effect of the power emission
controlling on data demodulation at the transponder.
3.5.1 Dependency on Protocols
There are many distinct protocols [26, 46, 47] for RFID systems. Each protocol has dif-
ferent specifications for the design of transponders: forward and return link parame-
ters (Manchester/PIE data encoding, 64-bit/96-bit EPCs (Electronic Product Code)), anti-
collision algorithms (ALOHA, Binary Tree), error detection (16-CRC, 5-CRC), command
sets, etc..
The difference in design specifications results in different designs of transponders, and
hence different power consumption variations over time. Therefore at the reader side,
the power emission has to be controlled in real-time for different commands and dif-
ferently for various protocols. In this work, for demonstration purpose, the digital sec-
tion of two passive transponders in compliance with ISO 18000-4/6 is designed, with the
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length of EPC for 64-bit and 96-bit respectively. The power consumed by the transpon-
ders is evaluated with Synopsys PrimeTime. The test bench with a ’selection’ command
with correct and wrong CRC coding is applied for both designs. The simulation result is
shown in Fig.3.14. It can be seen that the power consumption envelope of the transpon-
ders differs due to the difference in the length of EPC. Therefore, in order to utilize the
power effectively, the reader needs to control the power emission differently according to
the regulations. If an automatic tuneable matching network before the power harvesting
circuit is employed in transponders which enables a relatively constant conversion effi-
ciency from reader’s emission and rectifier’s DC output [139], and instead of emitting a
constant power level, an adjustable reader emits power with an amplitude envelope ac-
cording to the power consumption variation of transponders, the theoretical evaluation
showed that the reader could save as much as 33% power for 64-bit EPC and 31.8% for
96-bit EPC.
3.5.2 Dependency on Modulation Schemes
The common modulation types are: FSK, PSK, ASK. Both FSK and PSK signals have con-
stant envelope, with which the RF power can be transmitted continuously even during
the data transmission. However, those two modulation schemes are not recommended
for forward (from reader to transponder) data transmission, since the hardware require-
ment, such asmixer, oscillator etc., is very high for passive transponder design. ASK is the
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Fig. 3.15: Data Demodulation with Power Control. ’DataOut’: demodulated data; ’Vrf’: the volt-
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most common modulation scheme in prevalent protocols, for the demodulation is easy
to be implemented in passive transponders. In this work, the ASK modulation has been
considered. The effect of power modulation on forward data transmission is analyzed.
The rate of power control must be defined such that the bit-error-rate at the transponder
is not increased. In RFID transponder, ASK-modulated data can be recovered by com-
paring the envelope with the average signal. The principle is to use an envelope detector
to obtain the envelope, and then use a RC network with large time constant to achieve
the average level [14]. A hysteretic comparator compares the envelope and the average
signal and decides the output data. When the power control is involved, the amplitude
of received RF signal is not only modulated according to the input data but also changed
due to the control of power emission. Fig.3.15 depicts the detected envelope of the re-
ceived RF signal before and after activation of the power control. At the beginning of the
simulation, only continuous RF signal is sent for power-up; after the power-up phase is
done, the RF signal level is reduced; then the data transmission starts, and later the RF
signal level is increased.
To examine the effect of the power control on data transmission, the simulation is per-
formed with the model built in Matlab Simulink, please refer to Fig.3.5. The input signal
of the power amplifier at the reader transmitter can be expressed as:
S(t) = [
∑
k
xkg(t− kTs)]cos(ωct) (3.4)
where, xk ∈ [0, 1] is k-bit data of I-channel, for double-side band 100% ASK modulation,
Q-channel has no data; Ts is the bit period; ωc is the carrier angular frequency, and g(t) is
the impulse response of raised cosine filter. In current modelling, the bit period is 12.5µs,
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and carrier frequency is 2.45GHz. And the signal at the output of the power amplifier
with variable gain is:
SPA(t) = GPA ∗ S(t) ∗
∑
m
(1− Am) ∗ r(t−mTp); (3.5)
where, Tp is the power control rate; Am is the power control depth; r(t) is rectangular
function; GPA is gain of power amplifier. The output signal of power amplifier is sent
over the reader antenna, wireless channel and tag antenna before it comes to envelope
detector and average circuit. For current analysis, the nonlinear effect of the antennas
and the noise of the wireless channel are neglected. The envelope signal can be written
as:
SEN(t) = GAC ∗GPA ∗ [
∑
k xkg(t− kTs)]
∗[∑m (1− Am) ∗ r(t−mTp)] (3.6)
where, GAC is the combined gain of the antenna and channel. The average signal can be
written as:
SAV R(t) =
GAC∗GPA
nTs
∗ ∫ t
t−nTs
{[∑k xkg(t− kTs)]
∗[∑m (1− Am) ∗ r(t−mTp)]}dt (3.7)
where, nTs represents the average time constant. Fig.3.16 shows two plots: in the first
simulation, the power control rate is set as 0.5ms, which is 40 times of the bit period, and
the time constant of average circuit is varied from 2Ts to 20Ts; in the second one, the time
constant of average circuit is fixed with 4Ts, and the power control rate is varies from
0.1ms to 1ms. The bit-error-rate is examined for both cases. The result shows the larger
the time constant of the average circuit or the faster the power control rate, the higher the
bit-error-rate. To ensure that the power control does not affect the data demodulation,
the time constant of the average circuit must be much smaller than the power control rate
so that the average level can follow the change of the power level. From the other side,
the time constant of average circuit must be designed much larger than that of envelope
detector, in order to achieve the average level of received signal and also depress the noise
through average operation.
3.6 Summary
In this part, the power consumption of passive RFID transponders is analyzed. The anal-
ysis considers both power-up and communication phases. Based on the analysis, a new
architecture for RFID reader was proposed. The concept of automatic power control with
the possible realization with SDR techniques is presented. Till now, only the situation
of one reader with only one transponder in interrogation region is considered. The per-
spective for future work is to find a solution for saving power in power-up phase when
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multiple transponders exist in the interrogation region. The digital section of the passive
transponder is designed in compliance with ISO/IEC 18000-4/6. The power consump-
tion of the transponder is estimated under different operations, considering both static
and dynamic power consumption. The real-time operation-dependent analysis of the
power consumption is then done, and the simulation result is analyzed, with the sugges-
tion of employing a tuneable matching network in order to maximize the overall power
conversion efficiency. The achieved result can be used to aid the design of a feedback
controller for automatic impedance matching. A novel multi-protocol RFID reader with
automatic power control is proposed in this paper based on a software defined radio ar-
chitecture. The transponder power consumption variation over time is considered for
different protocols. The modulation effect of power control on forward data transmission
is included in the analysis. The emission power of the reader is automatically tuned in
real-time according to the needs of the transponders in compliance with different stan-
dards, with which a considerable amount of power can be saved.
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Batteryless portable devices like wireless sensor node harvest energy from different
sources: RF (ambient or actively directed UHF/HF), vibrational (piezo, electromagnetic
etc.), photovoltaic and thermal [120]. For each approach, different energy transduction
mechanisms are established. AdaptivEnergy summarized and divided typical power har-
vesting solutions into four main building blocks: energy harvester, conversion electron-
ics, energy storage and energy delivery [1]. The conversion electronics play a significant
role in the energy usage efficiency. Classified methodologies directed towards different
transducers have been developed for improving the power conversion efficiency: active
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energy extraction circuitry for vibrational energy harvester [53]; maximum power point
tracking for photovoltaic [11] and thermal energy harvesters. Many investigations have
also been dedicated to designing RF energy harvesters, of which most applications tar-
geted passive RFID tags and wireless sensor nodes.
Based on the system-level analysis in the former chapter, the reader shall emit the power
according to the need of the transponder to save the power consumption. In the transpon-
der, a RF-DC power harvester is normally employed to collect the power for supplying
the operation. As seen from the designed transponder, the power consumption is not
constant but variant over time. To harvest the power distributed according to needs, the
power harvesting circuit shall be adjusted according to the change of the power consump-
tion of the transponder.
State-of-the-art design [17,119], however, devote less investigation to the effect of the dy-
namic power consumption of the transponder on the overall power conversion efficiency.
In this work, a methodology to analyse the power harvesting circuit with the focus on the
effect of dynamic load current consumptions on the input impedance is proposed. The
analysis showed that the overall power conversion efficiency was dramatically decreased
at different current load with mismatching, e.g. from 30.1% to 2.3% as the load current
changes from 1µA to 10µA. The result suggests the necessity of dynamically optimising
the impedance matching network between the antenna and the rectifier according to the
transponder operation status.
In this chapter, the analysis of the RF-DC power harvester with dynamic loads has been
focused and a new approach is investigated by adjusting the RF matching network ac-
cording to the operation conditions with the aid of a feedback control. In chapter 4.1,
the performance index of designing a RF energy harvester is reviewed. After that, in
chapter 4.2, with the objective to simplify the analysis, a compact I/V model of diode-
connected transistors working in strong-inversion and subthreshold is developed. Based
on the model, in chapter 4.3 the voltage sensitivity of the circuit is derived and analyzed.
A load-dependent large-signal input resistance model and the minimum power required
to achieve a certain DC voltage supply with variable load currents are then derived. Then
in chapter 4.4 the concept of an operation-controlled tuneable matching network is pro-
posed in order to maximize the overall power efficiency. Then a prototype design of the
power harvesting circuit is presented in chapter 4.5, where the design principle and the
basis of employing an auxiliary rectifier are explained; finally the results based on the
post-layout simulation and measurement are presented, and the power delivery perfor-
mance with the proposed harvesting circuit is compared and analysed.
Both the input impedance derivation and the prototype design in this chapter are based
on a conventional charge-pump rectifier which employs diode-connected transistors of
the UMC 0.13-µm technology based on the BSIM3v3 MOSFET model [113].
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4.1 Performance Index of RF Energy Harvester Design
In passive far-field UHF/microwave RFID transponders, a power harvesting circuit is
employed for converting part of collected RF power to DC power supply voltage. A
matching network is usually applied between the antenna and the power harvesting cir-
cuit to ensure the maximum power transfer, as depicted in 4.1
The most important figures of designing a RF power harvester are power transfer effi-
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Rectifier
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e.g. Transponder
ηt ηc
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Fig. 4.1: RF-DC Energy Harvester
ciency, power conversion efficiency (PCE), power/voltage sensitivity. The power transfer
efficiency is defined as the power transferred to the rectifier over the power received by
the antenna:
ηt =
Pin − Pre
Pin
(4.1)
where, Pin is the incident RF power at the antenna, and Pre is the reflected RF power
due to the impedance mismatch. Power conversion efficiency is a key parameter of the
rectifier, which is defined as the output DC power PDC over the RF power at the input of
the rectifier [17]:
ηc =
PDC
Pin − Pre (4.2)
And the overall efficiency of the energy harvester is defined as:
ηo =
PDC
Pin
(4.3)
Many efforts have been devoted to the optimization of the RF-DC rectifiers by finding the
optimum design topologies and design parameters, e.g. the number of stages and size of
the transistors used in the circuit, aiming to maximize the power conversion efficiency.
Yi et al. [126] developed an analytical model for the charge-pump rectifier built of MOS
transistors, and based on the model the optimal transistor size and stage number can be
derived to maximize the power conversion efficiency of the rectifier. Mazzilli et al. [76]
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and Zhu et al. [134] compared different rectifier structures with the aspect of power con-
version efficiency and voltage conversion efficiency, individually, and presented criteria
to choose the appropriate rectifier topology according to the design requirement.
Power/voltage sensitivity is the minimum input power/voltage level, which is required
at the input of the rectifier, to achieve a certain output dc voltage with a given load
current [102]. To maximize the power/voltage sensitivity is essential of improving the
communication distance. Shameli et al. [102] proposed a method of improving the recti-
fier sensitivity by using voltage boosting technique, in which the high ratio between the
impedance values at the input port of the rectifier and the antenna is utilized, with the
premise of optimal power transfer.
To improve the power transfer efficiency, an impedance transformation network is em-
ployed to match the antenna source impedance to the input impedance of the rectifier,
which is usually modelled as a parallel R-C network. Most of state-of-the-art design have
assumed the input impedance of the rectifier a constant value [72] or relatively steady
value [119], and the matching network is correspondingly designed as a fixed one. In
case that the load consumption is not constant, the matching network was suggested be-
ing designed by matching with the maximum current consumption [17], indicating the
worse power sensitivity and less overall power conversion efficiency.
The effect of the impedance variation due to the dynamic consumption of current on
the power transfer is not yet well investigated in RF power harvester design. In pas-
sive transponders, the load circuit of the rectifier has several different operations, i.e.
compare, read/write, idle [47], and the consumed current varies for each operation, as
noted in Chapter 3.4. The impedance, seen from the input of the power harvesting cir-
cuit, varies with the change of the consumption current of the transponder. Therefore,
an optimal matching network for one operation cannot realize maximum power transfer
for other operations. To improve the power transfer efficiency by matching the rectifier
to the antenna, many factors must be taken into account, i.e. incident power density Pin,
load condition ILoad, nonlinear effect of the voltage rectifiers, design technology, etc.. Due
to the non-linear effect, the input impedance of the voltage rectifier is not constant but
depends on both the incident RF power level and the output load:
Zin = f(Pin, ILoad) (4.4)
To design a matching network for maximum power transfer, a deeper investigation of the
rectifier input impedance must be done. Barnett et al. [7] [6] developed a mathematical
expression for the input impedance of the rectifier built of schottky diode as a function
of the load current consumption. To guarantee the impedance match between antenna
and voltage rectifier over diverse operation conditions, different techniques are explored.
In [21] and [81]’s work, to maximize the power delivery over a wide range of incident
power density, a DC matching technique was proposed with periodically tuning the em-
ulated the resistance load of the rectenna by using a boost converter, referred as MPPT
technique, which has been well employed in other harvesting techniques [11].
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4.2 Analysis of Power Harvesting Circuit
A power recovery circuit is shown in Fig.4.2, which consists of the antenna model, L-
match impedance transformer and an N-stage doubler. Multi-stage doublers have been
widely used for power recovery circuit design [7, 52, 57, 102, 114]. By using the cascaded
doubler, the DC output voltage can be raised to a high value with small incident RF
power. Each stage uses the DC voltage output of the preceding stage as a base voltage,
in such a way, the DC voltage of each stage is accumulated. (Single stage doubler works
in positive and negative phase, how the current flows, illustration of rectification mecha-
nism) The DC voltage output of an N-stage doubler is:
VDC ≈ 2N ∗ (VRF − Vth) (4.5)
where, VRF is the amplitude of the incident RF signal; Vth is the threshold voltage of the
MOSFET/diodes; N is the stage number. Curty et al. [17] proposed a classical model
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Fig. 4.2: Power recovery circuit
for micro-power rectifiers, and defined the steady working state for the rectifier in which
the current through each transistor is steady. In this work, the same criteria have been
followed: the charging process where the output voltage is not yet constant is ignored
and once the output voltage and the current flow through the transistors get steady, the
rectifier operates is considered in a steady state.
Fig.4.3 gives the input current of the N-th doubler, and the current is constructed by two
parts: the 900-phase-shifted part IC,N , which is due to the parasitic capacitance of the
transistors, and the in-phase part IR,N , which is from the DC response of the transistors.
By using the same transistor and charge-pump capacitors, the input current of theN-stage
rectifier is:
Iin =
N∑
i=1
IC,i + IR,i ≈ N · (IC,N + IR,N) (4.6)
76 CHAPTER 4 CHARACTERIZATION, MODELLING AND DESIGN OF A RF ENERGY HARVESTER
The input impedance is then calculated as:
Zin =
Vin
N · (IC,N + IR,N) =
1
N · jω0Cin,N + NRin,N
(4.7)
The input impedance is modelled as the parallel connection of a resistance Rin,N/N and
a capacitance N · Cin,N , where Cin,N and Rin,N are the input capacitance and resistance of
the N-th doubler. The in-phase current of the N-th doubler IR,N is the summation of the
drain-source currents IR,N1, IR,N2 ofMN1 andMN2. WhenMN2 is forward biased,MN1 is
reverse biased, therefore, IR,N1 has a half period time shift and an opposite direction, as
shown in Fig.4.3. For a charge-conservative transistor, the integration of IC,N2 over one
period is 0, therefore, the charge through the transistorMN2 which is denoted as ∆QMN2
and the charge consumed by the load ∆QLoad can be expressed as:
∆QMN2 =
∫ t0+T
t0
IR,N2dt
∆QLoad =
∫ t0+T
t0
Iloaddt (4.8)
Due to the charge conservation law, the charge through the transistorMN2 is equal to the
charge consumed by the load [126]:
∆QMN2 = ∆QLoad∫ t0+T
t0
Iloaddt =
∫ t0+T
t0
IR,N2dt (4.9)
The change of the load current greatly affects the amplitude of IR,N2, while the value of
IC,N2 is influenced marginally. Hence, a considerable variation of the input resistance and
a stable parallel capacitance due to the change of the load current are expected.
4.2.1 Modelling Strategy
The analysis is started from the last stage of the rectifier. For a diode-connected transistor,
the gate terminal is connected to the drain terminal. The transistor works in different re-
gions of its I/V model: strong inversion (saturation), subthreshold, reverse-leakage [113],
as depicted in Fig.4.5. Four different working regions of MOS transistor from the sinu-
soidal waveform of Vin(t) and Vo(t) in one cycle are described as [126]:
• Subthreshold region [t1,t2]: From t1, the voltage over from drain to source terminal
is positive, and the gate source voltage is smaller than the threshold voltage. MOS
transistor MN2 starts to conduct current and to work in the weak-inversion region.
The charge through the transistor while working in this region is denoted as∆Qsub1.
• Superthreshold region [t2,t3]: From the time t1, the gate source voltage gets larger
than the threshold voltage andMN2 starts working in saturation region. The charge
through the transistor while working in this region is denoted as ∆Qsuper.
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Fig. 4.3: Input current of the last stage of a 3-stage rectifier with different load currents. The
transistor size W/L is 2µm/0.12µm, and input voltage amplitude is 0.427V
• Subthreshold region [t3,t4]: The difference between drain and source voltages re-
mains larger than 0 and the gate source voltages gets smaller than the threshold
voltage. Therefore, MN2 again enters the subthreshold region. The charge through
the transistor is denoted as ∆Qsub2.
• Leakage region [t4,t1+T]: From t4, the output voltage rises larger than the input volt-
age. Drain and source terminals of MN2 interchange with each other. Gate source
voltage is zero which is smaller than the threshold voltage, and MN2 works in the
subthreshold region and conducts a reverse current. The charge through the tran-
sistor while working in this region is denoted as ∆Qleak.
Vin
GND
Vo
Io
MN2
CL
Fig. 4.4: Last-stage of the rectifier
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Fig. 4.5: Waveforms of Input and Output Voltage, Transistor Current [126]
Due to the charge conservation law, the current of strong inversion and subthreshold has
to compensate the charge consumption of both load current and reverse leakage current.
∆QMN2 = ∆Qsub1 +∆Qsuper +∆Qsub2 −∆Qleak (4.10)
With combining the current in first three forward conductive regions:
∆Qsub1 +∆Qsuper +∆Qsub2 =
∫ t0+T
t0
IR,S,N2dt (4.11)
Eqn.(4.8) is rewritten as:
∆QMN2 =
∫ t0+T
t0
IR,S,N2dt−
∫ t0+T
t0
IR,L,N2dt (4.12)
And Eqn.(4.9) is then reformed as:∫ t0+T
t0
(Iload + IR,L,N2︸ ︷︷ ︸
I
eff
load
)dt =
∫ t0+T
t0
IR,S,N2dt (4.13)
where, IR,S,N2 is the drain-source current of MN2 when it works in strong inversion and
subthreshold region, IR,L,N2, is the reverse leakage current of MN2, and I
eff
load represents
the effective load current which includes the reverse leakage current [126]. The reverse
leakage current strongly depends on the transistor size, therefore, In this work, for sim-
plification, the reverse leakage current is modelled as Io ·W , where Io is the time-average
leakage current of unit transistor width, which can be achieved from simulation.
4.2.2 BSIM3v3.2.2 MOSFET I-V Model
To find an analytical expression for the input current as a function of the load currents
based on (4.13), the transistor I/V model needs to be employed. Individual expressions
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have been given in BSIM3v3.2.2 for the drain current in all operating regions. In the
subthreshold region, the drain current equation is expressed as:
Ids = Is0(1− exp(−Vds
vt
))exp(
Vgs − Vth − Voff
nvt
) (4.14)
with Is0:
Is0 = µ0
W
L
√
qǫsiNch
2φs
v2t (4.15)
In strong inversion (saturation) region, the drain current with considering substrate cur-
rent induced body effect is expressed as:
Ids = WvsatCox(Vgs − Vth − AbulkVdsat)(1− Vds − Vdsat
VA
)(1 +
Vds − Vdsat
VASCBE
) (4.16)
Part of the parameters in BSIM3v3.2.2 for MOSFET are listed in Tab.4.1
Besides, in BSIM3v3, a single unified function is also given to express the transistor drain
Tab. 4.1: Parameters Used in BSIM3v3.2.2
Abbr. Description
µ0 Electron mobility
q Electron charge
ǫsi Silicon permittivity
Nch Doping concentration in the channel
vt Thermal voltage
φs Surface potential
Vth Threshold voltage
Voff Subthreshold region offset voltage
W Transistor width
L Transistor length
n Subthreshold region swing parameter
Cox Gate capacitance per unit area
Abulk Bulk charge effect parameter
VA Early voltage
VASCBE Early voltage due to substrate current induced body effect
vsat Saturated carrier drift velocity
Vdsat Saturation voltage
current in all operation regions. However, a large number of parameters as well as com-
plex equations limit its application in building analytical models. Instead of using the
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BSIM transistor model, a compact model is proposed for transistors working in strong
inversion and subthreshold region. For further simplification, the reverse leakage current
is considered by evaluating the average value over a period.
4.2.3 Compact I/V Model of Transistor
The transponder requires a certain supply voltage range in order to ensure the steady
power supply for both analog and digital section. In order to increase the supply current,
the source voltage ofMN2, which is equal to Vout, has to be brought down so that the drain-
source current ofMN2 is increased to fulfill the charge consumption of the load. Therefore,
the supply voltage range also limits the current supply capability of the rectifier. The
transistors of the rectifier work in a restricted voltage environment. With this limitation,
the compact I/V model for strong inversion and subthreshold region is developed as
following:
IR,S,N2 = a · W
W0
· ex−y·Vout · eb·Vds,N2 (4.17)
with the drain-source voltage ofMN2 Vds,N2 as:
Vds,N2 = Vin + Vb,N1 ≈ Vin − 1
2N
· Vout (4.18)
where,W0 is 1µm; Vout is the output voltage; Vb,N1 is the boosting voltage of charge-pump
capacitor CN1 [126]; N is the stage number of the doublers; a,b,x,y are four parameters
achieved with curve fitting. The proposed I/V model is verified by comparing with sim-
ulation results based on BSIM3v3. The load current is varied from 1µA to 10µA, and the
DC output voltage is 0.5V . The time-domain simulation is implemented in SPICE, and
the current is plotted and shown in Fig.4.6.
Tab. 4.2: Parameters for Curve Fitting
Variable a b x y
Value 0.11e-7 24.85 0.75 -0.3
By evaluating the average reverse leakage current, and considering the load current con-
stant over a period, Eqn.(4.17) can be written as:
Ieffload · T =
∫ t0+T
t0
a · W
W0
· ex−y·Vout · eb·(Vin−Vout2N )dt (4.19)
and the relation between the output voltage and the load current as well as the input
voltage is expressed as:
Vout =
1
−y − 2b · ln(
Ieffload · T
a · W
W0
· ex · ∫ t0+T
t0
eb·V̂incos(ω0t)dt
) (4.20)
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By substituting (8) to (5), the drain-source current IR,S,N2 is expressed as:
IR,S,N2 =
Ieffload · T∫ t0+T
t0
eb·V̂incos(ω0t)
· eb·V̂incos(ω0t) (4.21)
The integral can be simplified by using the following approximation:∫ t0+T
t0
eb·V̂incos(ω0t)dt =
2π
ω0
· I0(b · V̂in) (4.22)
where, I0 is the first kind modified Bessel function of integer order 0. Details concerning
the modified Bessel functions of the first kind, please refer to Appendix A. For a large
b · V̂in, the following asymptotic approximation holds:
I0(x) =
ex√
2πx
[1 +
1
8x
(1 +
9
2(8x)
(1 +
25
3(8x)
(1 + ...)))] (4.23)
Since b · V̂in ≫ 1, Eqn.(4.22) can be further simplified as:
T · I0(b · V̂in) = T√
2πbV̂in
· eb·V̂in = K(V̂in) (4.24)
Finally, the drain-source current of MN2 in strong inversion and subthreshold region is
written as a function of the load current:
IR,S,N2 =
Ieffload
K(V̂in)
· eb·V̂incos(ω0t) (4.25)
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4.3 Input Resistance, Voltage/Power Sensitivity
4.3.1 Voltage Sensitivity
Voltage sensitivity of the power harvester is the minimum voltage amplitude of the RF
signal at the input to achieve a certain DC voltage and current supply at the output. The
output voltage will be used as the supply voltage of the digital section of the transponder.
In this application, the output voltage is fixed at 0.5V , and the value is chosen to be
slightly bigger than the threshold voltage of the transistor so that the digital section works
properly with less dynamic power consumption. With substituting (4.24) to (4.19):
V̂in =
e2bV̂in
2πb ·K22(Ieffload)
(4.26)
whereK2(I
eff
load) equals:
K2(I
eff
load) =
Ieffload
a · W
W0
· ex−yVout · e− bVout2N
(4.27)
The voltage sensitivity depends on the stage number N , the transistor size W as well as
the load current. The voltage sensitivity can be found by solving the (4.26) with numerical
iterations. Fig.4.7 shows the calculated voltage sensitivity of the power harvester as a
function of load currents for different stage numbers and transistor widths. It can be seen
that the minimum voltage required to achieve certain DC voltage and current supply is
getting smaller with the increase of the number of stages as well as the transistor width.
However, the voltage sensitivity improves much slower when the stage number is larger
than 6 and the transistor size larger than 7µm. The voltage sensitivity gets worse when
the load current increases.
4.3.2 Input Resistance
WhenMN2 works in strong inversion or subthreshold region,MN1 is in reverse region and
has a reverse current with same direction as IR,S,N2. The expression of IR,S,N2 is modified
by including the reverse leakage current ofMN,1 as part of the effective load current. The
in-phase current of the N-th doubler IR,N which is the summation of IR,N1 and IR,N2 can
be expressed as:
IR,N =
Ieffload
K(V̂in)
· (eb·V̂incos(ω0t) − e−b·V̂incos(ω0t)) (4.28)
The analytical expression for input resistance of N-stage rectifier Rin is found by substi-
tuting (13) to (2):
Rin =
V̂in · π · ebV̂in
2N · Ieffload ·
√
2πbV̂in ·K1(V̂in)
(4.29)
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withK1(V̂in):
K1(V̂in) =
∫ pi
−pi
cos(x) · ebV̂in·cos(x)dx (4.30)
To verify the resistance model, the power harvesting circuits with different number of
stages and transistor sizes were designed based on UMC 0.13-µm technology. The re-
sistance at the fundamental frequency was calculated and compared with the results
achieved by large-signal S-parameter (LSSP) simulation in ADS, as shown in Fig.4.8. The
input resistance decreases greatly with the increase of the load current consumption, and
with a fixed matching network designed for the maximum load current, large return loss
is expected in other load currents and hence bad power transfer efficiency.
4.3.3 Power Sensitivity
The power sensitivity of the power harvester is theminimumRF power, which is required
at the input of the rectifier, to achieve a certain DC power supply at the output [102]. And
the power sensitivity of the circuit can be calculated with the voltage sensitivity and the
input resistance as:
Pin =
V̂ 2in
2Rin
(4.31)
By substituting (4.29) to (4.31), the power sensitivity is expressed as:
Pin =
V̂in · 2N · Ieffload ·
√
2πbV̂in ·K1(V̂in)
π · ebV̂in (4.32)
After the voltage sensitivity is found in the numerical way, the power sensitivity of
the circuit can be solved with (4.32). Fig.4.9 shows the variation of the power sensitivity.
The modelling results are compared with the simulation results from ADS LSSP, and the
comparison shows a very good agreement. The minimum required power increases with
the increase of the load current demand, theminimumpower required changes over 10dB
as the load current increases from 1µA to 10µA.
4.4 Optimal Matching Network
For a 3-stage rectifier with a transistor widthW = 3µm, the input resistance changes from
19.28kΩ to 3.32kΩ, and the power sensitivity changes from −27.8dBm to −16.63dBm, as
the load current increases from 1µA to 10µA. A fixed matching network is designed with
the input resistance in the case where the load current is maximal, which in this design
equals 3.32kΩ, and the received power has to be larger than the power sensitivity for ob-
taining a maximum load current, which is −16.63dBm. However, the overall power con-
version efficiency (including the power transfer efficiency of the matching network [17])
drops at other current loads, e.g. from 30.1% to 2.3% as load current decreases from 10µA
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to 1µA.
To utilize the power efficiently, it is suggested to tune the matching network based on the
load current in order to ensure the maximum efficiency for all operations. In this design,
an L-shape downward impedance transformer is applied, and the values of the inductor
and capacitor are varied adaptively to ensure the maximum power transfer for all load
currents with constant output DC voltage. The tune of the capacitance and inductance is
shown in Fig.4.10. To realize the tune of the inductor, a tuneable capacitor is suggested to
be used, as shown in Fig.4.2. Possible candidates for tuneable capacitor can be MOS var-
actor or thin-film varactor based on ferroelectric material, like BST. High-order rectifier is
in general preferable with practically realizable capacitance and inductance in IC technol-
ogy and acceptable consumed die area. However, the power sensitivity gets worse with
a larger number of stages, which leads to a tradeoff for circuit design.
4.5 Proposed Energy Harvester
4.5.1 Circuit Design
The proposed energy harvester design is depicted in Fig.4.11. To realize control of the
adaptive matching network, supplemental circuitry is designed to sense the load current
and further generate the control signal. Another problem arises at the power up phase of
the power harvesting. The output DC voltage is not high and steady sufficient to provide
the power supply for the control circuitry. When the load current of the rectifier changes,
the mismatch happens at the input of the rectifier, and the output voltage of the rectifier
may drop such drastically that the power supply is not sufficient for the feedback control
circuitry. Therefore, additional design is needed to obtain a steady voltage, which is not
influenced by the change of the load current, to provide the power supply for the control
circuitry. Inspired by the threshold-voltage cancellation technique proposed in [33], an
auxiliary rectifier is designed to provide the DC supply for the feedback control circuit.
To provide a steady and sufficient voltage, the load current consumption of the auxiliary
rectifier must be much smaller than that of the main rectifier, such that only small amount
of RF power is required at the input of the auxiliary rectifier to obtain a sufficient DC
voltage. In this demonstration, themain rectifier has a load resistance ranging from 2.5KΩ
to 50KΩ. In the following sections, the design parameters of the control circuitry and the
auxiliary rectifier will be described.
4.5.1.1 Feedback Control Circuitry
As shown in Fig.4.11, the feedback control circuitry includes a voltage limiter, a voltage
reference, a voltage comparator, a sensing resistor and a voltage amplifier. The voltage
limiter, which follows the auxiliary rectifier, is designed to bypass the excessive current
when the output voltage is larger than the desired value 1.2V in order to avoid the voltage
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overdrive. The voltage reference generates a steady voltage of around 0.46V in spite of
the variance of the supply voltage, and the reference voltage is used for comparison with
the amplified sensing voltage. The voltage amplifier is designed to sense the load current
with the aid of a small sense resistor. The amplifier works in the linear region instead of
the saturation region. Therefore, the output voltage increases linearly with the increase
of the differential input voltage. To keep the power consumed by the sense resistor low,
small resistor value is preferred; but the voltage over the resistor must locate in the linear
input range of the amplifier and be large enough so that the amplified voltage can be
distinguished. In this work, the sensing resistor is chosen with a value of 15Ω.
4.5.1.2 Auxiliary Rectifier
The input impedance of the proposed rectifier is the shunt connection of the input impedance
of the main rectifier and that of the auxiliary rectifier. The input equivalent capacitance
is increased with a value of around 390fF for both load states. The effect on the input
resistance when load resistance of the main rectifier equals to 50KΩ is larger than when
2.5KΩ, for the auxiliary rectifier has a large input resistance due to its low output current,
which is close to the input resistance of the main rectifier when RL equals to 50KΩ.
The matching network is designed as an L-shaped highpass matching network. To tune
the matching network, both switched capacitor and MOS varactor are possible candi-
dates. Using switched capacitor to adjust the matching network, the design tradeoff be-
tween on and off states of the MOSFET switch must be taken in to account. If the transis-
tor is too small, the on-resistance is then very big, and high power loss in the matching
network is resulted. If the transistor is too big, the on-resistance is small. However, the
capacitance between drain and source/substrate is big, and the isolation between source
and drain is lowered due to the capacitive coupling. MOS Varactor holds both good
quality factor and high tuning range. However, it is very sensitive to the variation of
the control voltage, especially in batteryless system where the feedback control signal
strongly depends on the incident power level. In the present work, switched capacitor is
employed by using RFMOSFET as switch. To balance the design tradeoff and to improve
the isolation in off state, the auxiliary rectifier is designed symmetrically to generate both
positive and negative control voltages.
4.5.2 Results and Analysis
The power harvester is designed in a 0.13-µm CMOS process. The post-layout designed
for fabrication is shown in Fig.4.12. The inductor is not integrated on chip, and external
shunt inductor is chosen fromMuRata for test bench. The following presented result and
analysis are based on the post-layout simulation.
Tab.4.3 lists the static current consumption of the feedback control circuitry when resis-
tive load of the main rectifier equals to 50KΩ and 2.5KΩ respectively. It can be seen that
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the bypass current is dominant when load current of the main rectifier is high. The reason
is due to the high RF input the voltage limiter starts working to protect the circuit from
overdrive by conducting the excess current to ground. The load current consumption
of the auxiliary rectifier is 10.43% and 11.38% of that of the main rectifier respectively.
The main dynamic current consumption is from the comparator and the output inverter,
when the feedback control signals Vns and Vnp have state transition. Depending on the
application, the load status varies quite slowly, therefore, the dynamic power consump-
tion caused by the logic transition can be ignored.
Tab.4.4 summarizes the performance of the designed power harvester with the following
Tab. 4.3: Static Current Consumption of the Control Circuitry
Resistive Load
Auxiliary Rectifier Load Current
RL = 50KΩ RL = 2.5KΩ
Voltage Limiter 90nA 17.97µA
Voltage Reference 0.36µA 0.5µA
Amplifier 0.59µA 1.72µA
Comparator 0.18µA 2.57µA
Main Rectifier Load Current 11.7µA 200µA
figures of merits: the power sensitivity of the rectifier with using the proposed matching
network for both load conditions, the output DC voltage of the main rectifier as well as
the feedback control signal.
The performance of the proposed design is compared with the conventional design us-
Tab. 4.4: Summary of Power Harvester Performance
Resistive Load
Figure of Merit
RL = 50KΩ RL = 2.5KΩ
Incident Power -7.39 dBm 1.48dBm
Transferred Power -8.66 dBm 0.37dBm
Output DC Voltage 0.59 V 0.5 V
Feedback Control Vns -0.88 V 1.08 V
Feedback Control Vnp 0.69 V -1.1 V
Reference Voltage Vref 0.44 V 0.48 V
ing fixed matching network from the following aspects: the power transfer efficiency and
the overall power conversion efficiency (including the return and insertion loss caused by
the matching network) and the comparison result are shown in Fig.4.14 and Fig.4.15. For
fixed matching network, two cases are considered: in case I, the matching network is de-
signed for a load of 2.5KΩ and mismatch happens when the rectifier has a load of 50KΩ;
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in case II, the matching network is designed for a load of 50KΩ and mismatch happens
when the rectifier has a load of 2.5KΩ.
From Fig.4.14, it can be seen that with employing the proposed matching network, the
power transfer efficiency is better balanced, comparing with the conventional design us-
ing fixed matching network. The power transfer efficiency can achieve a level of over
70%, which is largely improved comparing with the mismatch situations. The overall
conversion efficiency is also improved but with a smaller scale depending on the load
conditions, as shown in Fig.4.15. The reason is the extra current consumption induced by
the auxiliary rectifier and the supplemental control circuitry. However, the benefit of em-
ploying the tuneable matching network is distinct even though extra power consumption
is introduced in order to improve the power transfer efficiency.
4.6 Summary
In this chapter, the analysis of the RF-DC power harvester with dynamic loads has been
focused and a new approach is investigated by adjusting the RF matching network ac-
cording to the operation conditions with the aid of a feedback control. A compact I/V
model of diode-connected transistors working in strong-inversion and subthreshold is
developed, with the objective to simplify the analysis. Based on the model, the voltage
sensitivity of the circuit is derived and analyzed. A load-dependent large-signal input
resistance model and the minimum power required to achieve a certain DC voltage sup-
ply with variable load currents are then derived. The concept of an operation-controlled
tuneablematching network is proposed in order tomaximize the overall power efficiency.
Based on the theoretical analysis, a prototype implementation of an energy harvester with
the capability of self-adjusting thematching network to adapt to changing load conditions
is realized. An auxiliary charge-pump is designed to supply the power for the supple-
mental control unit. The design is implemented in a standard 0.13-µm CMOS process.
The prototype design is analysed based on its post-layout simulation. The results show
that the power transfer efficiency with using the proposed design can achieve a level of
over 70% independent of the load conditions, which indicates that the power transfer ef-
ficiency in variable operation states can be guaranteed with employing the autonomously
adaptive matching network.
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Chapter 5
A Technique of Accelerating the
Charging Process of RF Energy Harvester
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This section has been focusing on the RF/DC converter (rectifier) design used for
wireless energy harvesting with observing the charging process aiming to improve the
power transfer and speed up the charging process. The state-of-art work on RF/DC rec-
tifier has mainly focused on improving of the sensitivity and the energy conversion effi-
ciency [102, 126]. Currently proposed strategies and techniques are based on the steady-
state model of the rectifier [17] with the assumption that the rectifier can achieve at the
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steady state after charging a small storage capacitor to a certain constant voltage in a short
time. These designs are mainly intended for the power recovery in RFID transponders,
but not applicable for energy harvesting in WSNs which usually employ a large power
storage device, like supercapacitors or L-ion batteries. When charging a heavy capacitive
load with wireless energy, the charging speed becomes critical. During the charging pe-
riod, the input impedance of the rectifier is not a steady value, but varies strongly with
the proceeding of the charging phase. In this case, the matching network designed based
on the steady-state input impedance of the rectifier cannot any more ensure the perfor-
mance of the charging phase, which can be evaluated with power transfer efficiency and
charging speed.
This section investigates the variation of the input impedance of the RF/DC rectifier over
the charging phase and presents a technique to accelerate the charging process of the
RF energy harvester. It utilizes an adaptive impedance matching network to stabilize
the drift of the high frequency input impedance of the harvester during the charging
phase. Higher power transmission from the antenna to the harvester can be achieved in
the meantime. The prototype energy harvester was built on a PCB with a heavy capac-
itive loading. Experiment shows that the time, which is needed for charging a 1F super
capacitor loading to the harvester to 2V with 0dBm incident signal at 860MHz, can be
reduced by 56.5%. The design will be described in two parts: RF/DC rectifier design
for energy harvesting and signal conversion; matching network design, for impedance
transformation and ensuring the power transfer.
5.1 Input Impedance of Rectifier During Charging-Up
The input impedance of the charge-pump RF/DC rectifier can be modelled as a shunt
connection of a resistor and a capacitor [17], as shown in Fig.5.1. The input impedance
depends on the incident power density at the antenna, the load condition of the charge-
pump. In the former work [139], an analytical model was developed for the varied input
impedance of the charge-pump rectifier after it achieves a steady output voltage while
the current consumption of the DC load differs. As depicted in Eqn.(5.1), the analysis has
shown that the parallel connected resistor in the equivalent impedance approximately
inversely proportional to the load current, and on contrast, the capacitor holds a relatively
constant value.
Rin =
V̂in · π · ebV̂in
2N · Ieffload ·
√
2πbV̂in ·K1(V̂in)
(5.1)
withK1(V̂in):
K1(V̂in) =
∫ pi
−pi
cos(x) · ebV̂in·cos(x)dx (5.2)
where, ILoad,eff is the load current of the rectifier with involving the leakage current of the
diodes; Vin is the input voltage amplitude; N is the stage number of the voltage doublers,
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Fig. 5.1: Charge-Pump Rectifier and Equivalent Impedance Transform Circuit
b is a parameter achieved with curve fitting, and is technology-dependent.
Concerning the charging process of the rectifier, the voltage at the load capacitor increases
and converges at the final phase. The current flowing to the capacitor decreases signif-
icantly, and correspondingly, the in-phase current seen at the input of the rectifier will
drastically decrease. The input equivalent shunt resistance will correspondingly increase.
To observe the charging process of the RF/DC rectifier, a 2-stage charge-pump rectifier
has been designed, with a 1F-super capacitor as the load, as shown in Fig.5.2. Com-
mercial Schottky diode HSMS-286c from AVAGO was used. The prototype design has
been developed, and the PCB is shown in Fig.5.2 The input impedance of the designed
2-Stage Rectifier
Super
Capacitor
Vout
Vout
RF RF
Fig. 5.2: Schematic and Layout Design of the 2-Stage Charge-Pump
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rectifier over the charging phase was measured using a network analyzer with reference
impedance of 50Ω. The network analyzer outputs an RF signal of 860MHzwith the power
level at 0dBm. The reflection coefficient is recorded during the charging process, which
is then interpreted into equivalent shunt connected resistance and capacitance, as shown
in Fig.5.3. It can be seen that, at the starting phase, the parallel resistor holds a low value,
and it rises significantly as the load capacitor is charged, while the shunt capacitor varies
relatively slightly during the charging phase. The absolute reflection coefficient increases
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Fig. 5.3: Measured Variation of Reflection Coefficient and Input Equivalent Shunt Resis-
tance/Capacitance Over the Charging Process
during the charging phase, and the return loss decreases drastically.
5.2 Tunable Impedance Matching Network
5.2.1 Application Scope
Impedance matching network has been widely applied in RF/microwave frontends to
match the antenna and the RF frontends to improve the power transfer efficiency in con-
ventional wireless communications. In reality, the impedance of the resonating antenna is
varied by the change of the surrounding environment. For example, the input impedance
of a hand-held antenna alters much from the input impedance tested when putting the
antenna on a metal desk. Traditional fixed matching network is designed to match a
certain antenna impedance to the RF frontend and keep the transmission loss low when
the antenna impedance varies slightly. To compensate the large impedance mismatch be-
tween the antenna and RF frontends transmission line, the tunable matching network,
which can self-adapt to the surrounding environment, is desirable. A feedback controller
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can be applied to detect the impedance mismatch by measuring the reflection coefficient
at the interface or testing the transmit power gain, based on which, generate a proper DC
voltage for the electrically tunable devices, like varactors, as shown in Fig.5.4.
Furthermore, the input impedance of the antenna also changes with the frequency. Next
DC/DC
µC
Algorithm/
Control 
Voltage
Detector
TMN
RF Frontend
Antenna
Fig. 5.4: Functional Architecture of Tunable Matching Network with Adaptive Feedback Control
generation of wireless communication systems is being developed for supporting mul-
tiple frequency bands and operation modes which are defined in worldwide standards.
Addition to the reconfigurability in baseband signal processing, frequency-agile RF fron-
tend is required to cope with the diverse standard definitions. Simply integrating the
hardware for specific frequency bands on a single circuit board would largely increase
space requirement, design complexity, material cost and the power consumption of the
design. Multiband tunable antenna and tunable bandpass filters are desirable to fulfill
the demand on miniaturization, low cost and low power consumption. Tunable match-
ing network is then applicable for stabilizing the input impedance of the antenna over
multiple frequency bands.
5.2.2 Topologies
Matching networks transform the load impedance to the source impedance for maximiz-
ing the power transfer. Topologies with different matching spaces have been developed.
For example, for a highpass L-topology matching network, the matching impedance
space is shown in Fig.5.5, and by properly choosing the values for static capacitor and
inductor in the matching network, the load impedance located in the enclosed region of
the brown line can be matched to the reference source impedance. To increase the de-
sign degree of freedom, cascading connections of two or more L-topology can be formed
as π-match or T-match [63]. To match different load impedances with using a single
matching network, a tunable matching network is required by employing tunable capac-
itors/varactors instead of static capacitors. Typical tunable matching network enlarges
the matching region by tuning the varactors. Take the highpass L-topology matching net-
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work as an example, as depicted in Fig.5.5, by tuning the varactor, the load impedance on
the green curve can be matched with the reference source impedance. By employing a T-
or π-topology, the matching region can be extended to an enclosed region by tuning two
varactors employed in the network.
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Fig. 5.5: Matching Impedance Space of Highpass L-Match Enclosed in Brown Line; Conjugate
Matching Curve of Highpass L-Match in Green Line
5.3 Transient Impedance Matching for RF Energy Trans-
ducer
Traditional impedance matching networks are applied in the steady-state process. In this
chapter, an innovative application of the tunable matching network in charging proce-
dure of the RF rectifier will be introduced. In contrast to the impedance variation caused
by environment change or frequency hopping, the change of the rectifier’s impedance
during the charging procedure is a transient process.
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5.3.1 Theoretical Analysis: Design Guidelines with Lossy L-Match
As shown in Fig.5.3, the input impedance of the rectifier over charging-up procedure
locates in the matching space of an L-topology matching network. Therefore, in the fol-
lowing matching network design, the highpass L-match is chosen. By matching the in-
put impedance of the rectifier to the source impedance of the antenna with a lossless
L-topology matching network, both the minimum reflection and the maximum power
transfer can be achieved simultaneously.
Practically, the matching network is lossy, and the parasitic resistance of the inductor
and capacitance shall be taken into account. By employing a matching network, the re-
turn loss is improved. However, the power transmitted to the load is not imperatively
increased while considering the insertion loss of the matching network. The benefit of
employing a matching network will be achieved when the insertion loss induced is less
than the improvement of the return loss, or in another word, the transducer gain shall be
positive.
As depicted in Fig.5.1, for analysis, cases of both without (I) and with (II) employing a
matching network are considered. In case of no matching network between the rectifier
and source, the power transmitted to the load PL can be formulated as:
I: PL = PS(1− | Γ |2) (5.3)
where, PS is the incident power and Γ is the reflection coefficient:
Γ =
ZL −RS
ZL +RS
(5.4)
By employing amatching network, the return loss can be improved. Assuming impedance
match is achieved at the power input port: Z
′
L = RS , the power transmitted to the load is:
II: PL = PS(1− RCS
Z
′
L
)(
RLP
RL +RLP
) (5.5)
Comparing Eqn.(5.3) and Eqn.(5.5), when the following condition holds:
(1− RCS
Z
′
L
)(
RLP
RL +RLP
) > 1− | Γ |2 (5.6)
the design will benefit the employment of the matching network by compensating the
insertion loss induced by the matching network with the improvement of the return loss.
The parasitic resistance of the inductor RLP shall fulfill the following condition:
RLP >
RL(1− | Γ |2)
| Γ |2 −RCS/Z ′L
(5.7)
5.3.2 Tune of Inductor
Based on the analysis of the input impedance of the rectifier, to transform the high load
impedance to a lower source resistance, an L-topology highpass matching network is em-
ployed. The designed matching network is used in wireless power transfer, and in order
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Fig. 5.6: Tune of the Inductor
to keep the communication distance, the power consumption caused by tuning match-
ing network due to the lossy parasitics has to be kept low, and the gain by tuning the
matching network is kept. The topologies shown in Fig.5.6 are applicable in the desired
matching network, where the switched capacitor and MOS varactor are chosen as pos-
sible candidates. The shunt inductor LM is connected with parallel or serial capacitors.
When the value of the capacitor is tuneable, the effective inductance is then changeable.
The following sections will discuss how proper topology and tuneable component are
chosen. Ideally, serial and parallel connection of capacitor with an inductor shows no dif-
ference. However, due to the resistive parasitics existing in inductors, the tuneability of
the matching network tradeoff with its self-power consumption. Assuming the inductor
has a parasitic serial resistor RL, the effective impedance of the parallel connection of the
capacitor and the inductor can be expressed in the following equation:
Z = (jωL+RL)//
1
jωC
=
jωL(1−ω2LC)−jωR2LC
(1−ω2LC)2+ω2R2
L
C2
+ RL(1−ω
2LC)+ω2RLCL
(1−ω2LC)2+ω2R2
L
C2
≈ jωL
1−ω2LC
+ RL
(1−ω2LC)2
(5.8)
Please note the approximation is established with condition that the serial resistance of
the inductor is small and (1−ω2LC) is positive. Take the following values: L = 5.6nH, C =
0.42pF,RL = 2Ω, and substitute to the above equation. The effective impedance is then an
inductor of 2.27*L with a serial resistor of 5.14*RL. The example above shows the tradeoff
between the tuneablity and the self power consumption of the matching network: while
increasing the tuneability, the power consumption of lossy matching network is even
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more strongly increased. Therefore, in order to keep the profit of employing a tuneable
matching network, the parallel connection of the inductor with a varactor or switched
capacitor is avoided.
5.3.3 Tuneable Capacitor
Variant technologies have been developed for adaptive RF systems. Based on the process-
ing techniques and design materials, it can be classified in to active and passive technolo-
gies, as shown in Fig.5.7, of which, semiconductor based tuneable capacitor are assem-
bled into active group, like MOSFET varactor, switched capacitor, diode varactor; while
the ferroeletric-based and micro-electro-mechanical (MEMS)-based products are sorted
in to passive group, like BST (Barium Strontium Titanate)-based capacitor. The different
techniques can be evaluated in variant figure of merits: linearity, loss, control voltage,
integration, manufacture cost, technology maturity. All kind of varactors are possible
Technologies for Adaptive RF Systems
Passive Active
FE LC MEMS Semiconductors
MOS 
Varactor
MOS 
Switch
Varactor
Diode
Thick
Film
Thin
Film
Fig. 5.7: Technologies for Adaptive RF Systems
candidates for realizing the tuneability. However, before choosing one from them and ap-
plying in the matching network, it is necessary to examine their RF small signal models.
The following sections give a brief introduction and comparison of different techniques.
5.3.3.1 MOSFET Switch
MOSFET can be employed in switched capacitors, which has been used in many appli-
cations, e.g. active filters, voltage control oscillators [79] etc.. Due to its availability in
standard CMOS technologies, in contrast to other techniques like MEMS or BST based
varactors, the control voltage is quite low with the ongoing decrease of power supply
voltage in CMOS technologies. The manufacturing cost is largely decreased due to the
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mass production in mature technologies. The RF model of a MOSFET switch can be sim-
plified as shown in Fig.5.8. To reduce the charge feedthrough caused by the coupling
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(a) Model for a non-ideal switch (b) Model for MOSFET-Switch
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Fig. 5.8: (a) A General Model of a Non-ideal Switch [3], where, current sources IX represents
the leakage current; rON and rOFF are on and off resistances respectively; CXY are the coupling
capacitances; VOS is a voltage offset (b) Small Signal Model of a N-channel MOSFET Switch
capacitance from the gate to both source and drain, the gate terminal is isolated with AC
signal by connecting with a large resistor. In order to avoid the influence of the substrate
coupling, the source terminal is suggested to connect to the ground.
In the on-state of the switch, theMOSFETworks in the non-saturation region; for off-state,
the MOSFET works in the cut-off region. For on-state, the current-voltage relationship is
modelled as:
iD =
µCoxW
L
[(vGS − VT )vDS − v
2
DS
2
] (5.9)
where, vGS and vDS are the voltage between gate and source, drain and source terminals,
respectively; VT is the threshold voltage; W, L are the width and length of the MOSFET;
µ is charge-carrier effective mobility; Cox is the gate oxide capacitance per unit area. To
work in the non-saturation region, the voltage applied to an N-type MOSFET vGS − VT
must be larger than zero and vDS . The on-resistance is given as:
rON =
1
∂iD/∂vDS
=
L
µCoxW (VGS − VT − VDS) (5.10)
The on-resistance is reduced with the increase of the transistor sizeW/L, while the capac-
itance between drain and source/substrate terminals is increased. For on-state, switch
with larger W/L is preferred due to its smaller on-resistance which results in lower loss.
A MOSFET switch with large transistor size can not realize good isolation between drain
and substrate in off-state due to the capacitive coupling. The design tradeoff has to be
found to achieve good performance for both on- and off-state.
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5.3.3.2 MOS Varactor
Unlike the MOSFET switch, the MOS varactor has an asymmetric structure, as shown
in Fig.5.10. MOS varactor is an agile application of a normal MOSFET by using gate
as one terminal and combining the source, drain and bulk terminal to form a second
terminal. MOS capacitance has four operation regions: accumulation, depletion, weak
inversion, and strong inversion, based on the bias voltage applied between the gate and
Nwell terminals [96, 116]. A regular MOS does not provide a MOS capacitance which
Vsg 
Cmos
A-MOS
MOS Varactor
Accumulation Depletion
Weak
Inversion
Strong
Inversion
I-MOS
Fig. 5.9: Capacitance Characteristics of a MOSFET
is a monotonic function of the bias voltage, as the dotted line shown in Fig.5.9. To ac-
quire a monotonic function, it is desirable to manufacture an accumulation-mode MOS
capacitance (A-MOS) by fabricating the D-S diffusions in an n-well instead of the normal
p-substrate for a NMOS varactor [24,71,106]. An alternative is to force theMOSFETwork-
ing only in inversion mode (I-MOS) by disconnecting D-S terminals and bulk terminal,
instead, connecting the bulk to the highest potential for p-type MOSFET or grounding
the bulk for n-type MOSFET [4].
Fig.5.10 depicts the high frequency model of a NMOS varactor. In order to reduce the
coupling effect caused by the substrate, the Nwell terminal must be grounded or con-
nected to a load with low impedance. For a MOS varactor with a tuning range up to 4,
the quality factor can achieve 80 with bias. However, due to the asymmetric structure in
MOS varactors with non-grounded N-well terminals, which transfers the impedance to a
smaller value before it couples with the substrate capacitor, the MOS varactors are only
applicable when the gate terminal is connected to a small impedance load.
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Fig. 5.10: Equivalent Circuit of NMOS Varactor
5.3.3.3 Varactor Diode
Varactor Diode is a semiconductor p-n junction, which can be made of Gallium-Arsenide
(GaAs), Silicon (Si) or Silicon-Germanium (SiGe), and has been widely used in adaptive
RF circuitries, like voltage-controlled oscillators. By applying a reverse voltage to a diode,
the thickness of the depletion layer is varied which results in a changeable capacitance.
The small signal model of a varactor diode is shown in Fig.5.11. The low control voltage
Cathode Anode
Cp
Rs Ls
D
Cj
Fig. 5.11: Equivalent Circuit of Varactor Diode: Lp and Cp represent the package parasitics; Cj is
the junction capacitance which depends on the applied reverse bias; Rs is the serial resistance
(usually less than 10V) along with the large tuneability (> 10 : 1), as well as the low
manufacturing cost, establishes the preponderance of the varactor diodes. The power
handling capability is limited due to the low reverse bias voltage. The quality factor is
not superior compare to the ferroelectric varactor or MEMS varactors.
5.3.3.4 Ferroelectric Varactor
Low leakage currents, low loss, high permittivity and simple manufacture process have
made the ferroelectric varactors one of the most adequate candidates in the application
of tuneable RF and microwave components [38, 133]. Among diverse ferroelectric ma-
terials, Ba1−xSrxT iO3 (BST), due to its high dielectric constant, high tuneability, low di-
electric loss and high breakdown strength, becomes the most investigated ferroelectric
material for various applications especially tuneable devices [51]. The equivalent cir-
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Fig. 5.12: (a) Equivalent Circuit of a BST-based Varactor [133], where RS represents the parasitic
conductor and contact resistance;RP represents the dielectric loss; (b) The Performance of a Thick-
film BST-based Varactor [132]
cuit of a BST-based varactor and the performance of a thick-film BST-based varactor are
shown in Fig.5.12. BST-based varactor physically holds a symmetric structure which re-
sults in an even dependence of the capacitance over the control voltage. Despite of the
high linearity and high quality factor, thick-film varactor suffer from a high control volt-
age which is not applicable in the impedance matching network in RF energy harvesting
circuitries. By reducing the thickness of the film, the control voltage can be reduced less
than 10V [127,133].
5.3.3.5 MEMS Varactor
The capacitance of a microelectromechanical system varactor is varied by changing the
distance between the capacitor plates with tuning the applied DC control voltage. Due
to the high dielectric material, the loss of the varactor is kept very small and hence a
high quality factor. Since the distance of the capacitor plates is physically changed with a
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certain mechanical settling time, the tuning speed is low compared to other technologies.
The quality factor of MEMS varactors is high which is much more attractive than silicon
varactors for applications in the microwave and millimeter wave [67, 108]. The MEMS
varactors also have a symmetric structure, and the varactor can be modelled as a serial or
parallel connected RLC network.
5.3.3.6 Comparison of Varactor Technologies
The aforementioned varactor technologies are compared in different figures of merit and
summarized in Tab.5.1, with a representative example for each technology.
Tab. 5.1: Comparison of Varactor Technologies
FoM Silicon Varactor [45] Thin-Film BST-Based Varactor [108] MEMS Varactor [67]
Linearity Low Medium High
Tuneability High Medium Low
Q-factor Low Medium High
Manufacture Cost Low Low High
Control Voltage Low Medium High
Power Handling Poor Good Good
Maturity Advanced Under research Under research
Tuning Speed Fast Fast Slow
Integration High Medium Low
5.3.4 Choice of Lump Elements
Analysis has been done to find the performance requirement of the lumped elements LM
and CM in the matching network. In the analysis, it is assumed that the capacitor CM has
a typical ESR of 1Ω. Sampling the input impedance of the rectifier during the charging
phase at different time points, the quality factor of the inductor LM shall fulfill a certain
value to hold the condition in Eqn.(5.7), referring to Tab. 5.2. The required minimum
quality factor LM shall fulfill decreases as the load being charged. At the beginning of
the charging phase, the quality factor of LM shall be larger than 5.19, which is a trivial
performance requirement for inductors. For transforming the impedance to the fixed an-
tenna impedance 50Ω, the value of the inductorLM shall vary slightly during the charging
phase due to the small change of the input parallel capacitance of the rectifier. The value
of the parallel CM shall change considerably. By tuning the varactor CM in the designed
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Tab. 5.2: Summary of the theoretically required LM and CM at different time points
Time Point / Min 30 90 150 210 270
RL/Ω 81.6 181 359.6 703.5 1551
CL/pF 3.81 4.2 4.26 4.26 4.26
| Γ | 0.575 0.788 0.887 0.941 0.973
min(RLP )/Ω 187.9 118.1 102.7 95.3 91.1
CM/pF 9.41 5.59 4.75 4.46 4.35
LM/nH 6.7 5.75 5.61 5.6 5.59
min(QL) 5.19 3.8 3.39 3.15 3.02
matching network, a high conversion efficiency is maintained during the charging pro-
cess, and the charging phase is expected to be accelerated.
To simplify the design, a static inductor of fixed value 5.6nH with quality factor above
50 at 860MHz is chosen for LM . The capacitor shall vary from 9.41pF to 4.35pF for trans-
forming the impedance during the charging phase, which requires a varactor with the
tuneability of around 54%. Further, limited by the application environment, the con-
trol voltage for tuning the capacitor is up to battery level. Tuneable components are the
key to implement the proposed functionalities, where balanced cost-effectiveness is the
determining criteria for choosing their realization technology. The employment of the
thick-film ferroelectric varactors which usually require a control voltage of around 60
volts [100] is excluded in spite of the high quality factor. The requirement of the tun-
ing range, as well as the control voltage, has reached the performance boundary of the
MEMS varactors. Among the existing and emerging technologies, BST thin-film based
components have shown a promising performance with its potential high tuning range,
affordable manufacturing complexity, cost as well as low control voltage, but since the
technology is still under research, no commercial component is currently available. Sili-
con varactors are superior in low control voltage and large tuning range but suffer a high
current loss.
To demonstrate the benefit of employing a tuneable matching network in the charging
procedure of the RF energy harvester, a commercial silicon tuning diode BB833 from In-
fineon Technologies is chosen as CM . The results have verified that, in spite of the low
quality factor of the employed varactor, the charging speed is significantly improved.
The schematic and layout design of the experimental board is shown in Fig.5.13. A con-
trol signal Vc is emulated with a DC power supply for tuning the varactor. Two DC block
capacitors of 100pF are used to block the control signal and a large resistor as RF choke,
through which the control signal from a Keithley source meter is applied to the varactor.
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Fig. 5.13: Schematic and Layout Design of the Experimental Board
5.4 Experimental Results
To demonstrate the proposed technique, prototypes of the RF/DC energy harvester with
and without adaptive matching network have been designed on PCB. An RF signal of
0dBm at frequency 860MHz from anAnritsu vector network analyzerwith internal impedance
of 50Ω is used as the input of the energy harvester. The rectifier is loaded with a super
capacitor of 1F, and the charging phase is observed with the Anritsu vector network ana-
lyzer for measuring the one port reflection coefficient and a data logger for recording the
DC output voltage. Fig.5.14 shows the experiment setup. A DC power supply is used as
a control voltage to test the harvester with the adaptive matching network.
The results are compared with figure of merit - charging speed in three different cases:
I. without matching network; II. with a static matching network designed based on the
impedance at the beginning of the charging phase; III. with the proposed adaptive match-
ing network.
Fig.5.15 and 5.16 shows the experimental results. In case I, the rectifier is directlymounted
to the power source. As the charging proceeds, the load impedance seen at the source
moves to peripheral point in the Smith Chart. Recall the sampled values in Tab. 5.2, the
parallel connected equivalent resistor gets larger such that the power transfer reduces.
The charging speed is slower comparing with other two cases, and after about 5-hour’s
charging, the output voltage becomes steady at 1.3V. In case II, a fixed matching network
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Fig. 5.14: Experimental Setup of Measurement of the Prototype Designs. Three experiments were
performed for comparison: (I) the RF source signal is directly sent to the charge-pump; (II) the RF
signal is sent to the charge-pump through a static matching network; (III) the RF signal is sent to
the charge-pump through an adaptive matching network.
is applied. As the charging phase begins, the load impedance seen at the source is well
transformed to the center of the Smith Chart, and the charging speed is improved con-
siderably compared with case I. 67% less time is taken to charge the capacitor to 1V than
case I. However, the process slows down after about 1-hour’s charging due to the change
of the transformed impedance from center to the open circuit point.
Some questions are still open. Tab.5.2 has listed the input impedance of the rectifier as
well as the required lumped components for matching the input impedance of the rec-
tifier at different time points, and for a static matching network, the working status is
designed according to the input impedance of the rectifier obtained at the initial time
point. Therefore, as seen in Fig.5.16, the impedance after the transformation of the static
matching network locates in the certer of the Smith Chart when charging procedure starts.
After a short time, the impedance seen at the input of the matching network drifts away
from the center and new matching is desired. However, the impedance seen at the in-
put of the rectifier alters from the value obtained at the same charging time point in the
setup I. The reason is due to the dependence of the input impedance of the rectifier on
its working status: output voltage, input power level. Comparing setup I and II, with
and without matching network, the rectifier is charged to different output voltage levels
after the same charging time, refer to Fig.5.15. However, the input impedance obtained
in setup I is still valuable with providing a direction of the adaptive control.
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In case III, an adaptive matching network is used. At the beginning of the charging
phase, the matching network is tuned to transform the impedance close to the internal
impedance of the power source for optimal power transfer. The same phenomenon as
in setup II appears: the impedance seen at the power source drifts away from the center
of the Smith Chart, and the charging speed slows down as the output voltage starts to
converge. Based on the input impedance measured in setup I, a control voltage of 4V is
applied to the varactor diode after charging for about 1.3-hour, and the impedance seen at
the source is transformed close to the reference impedance. The output voltage shows an
abrupt increase after tuning the matching network, which speeds up the charging process
significantly. Comparing case II and III, to charge the load capacitor to 2V, by employing
the adaptive matching network more than 2 hours can be saved.
The demonstration has proved that by employing an adaptivematching network in RF/DC
rectifiers, a high conversion efficiency can be maintained throughout the whole charging
process. The charging speed is considerably accelerated with a higher output voltage.
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5.5 Adaptive Control
In the current setup, the adaptive control signal is provided by a source meter and tuned
manually when the output voltages starts to converge. The input impedance of the rec-
tifier over charging procedure has been tested in experiment setup I. The experiment
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setup II has verified that with employing a static matching network which is designed ac-
cording to the input impedance at the initial time point, both charging speed and output
voltage are considerably improved. However, the functionality of the matching network
fades due to the drift of the input impedance as the charging process proceeds. In setup
III, the matching network works as a static one at the beginning as in setup II, and after
a certain time, a control signal is applied to tune the matching network according to the
input impedance of the rectifier obtained in setup I, in order to rematch the rectifier to the
power source. The experiment has demonstrated the benefits of employing the adaptive
matching network.
The theoretical charging procedure is predicted and depicted in Fig.5.17. To approach the
theoretical performance of the charging procedure, the input impedance of the rectifier
must be measured online continuously for determining the working status of the match-
ing network of the next time slot, with the cost of the immense working load and design
complexity of the feedback control circuitry.
5.5.1 Iterative Steepest Descent
To generate a feedback control signal, an iterative steepest descent approach functions
theoretically by continuously sampling the current output voltage of the rectifier and
based on the samples adaptively changing the control signal level. To implement such an
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algorithm, an ADC and a microcontroller are required, as shown in Fig.5.18.
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controller
Vout
Fig. 5.18: Feedback Control with Iterative Steepest Descent Approach
5.5.2 Comparator-Based
In order to keep the circuitry less complex, a feedback control loop based on compara-
tors is functional and more power-efficient. A reference voltage is determined based on
the measurement of the input impedance of the rectifier over charging process. The out-
put voltage of the rectifier is compared with the reference voltage in order to trigger the
feedback control, as shown in Fig.5.19. In this approach, the matching network is tuned
once the output voltage is larger than the reference voltage which improves the charging
procedure for once as in setup III.
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5.5.3 Voltage Division
Both approaches proposed above are battery-based. The battery supplies power for the
ADC, microcontroller and the reference voltage generator. In the case when battery is not
available, the feedback control signal can be generated by the output voltage of the rec-
tifier, as shown in Fig.5.21. The employment of a voltage divider is based on the nearly
linear dependence between the output voltage and the desired CM over charging pro-
cedure, as shown in Fig.5.20. To utilize the output voltage, a tuneable capacitor which
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Fig. 5.20: (a) Change of Desired CM and Output Voltage of Rectifier over Charging Procedure; (b)
Nearly Linear Dependence between the Output Voltage and Desired CM
operates in a very low voltage as well as low current consumption is preferred. For both
battery-based approaches and non-battery-based approach where the control signal is
generated by the output voltage of the rectifier, the adaptive control voltage level is a de-
sign challenge of the currently available tuneable capacitors based onMEMS, ferroelectric
technologies.
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Fig. 5.21: Feedback Control Based on Output Voltage of Rectifier
5.6 Summary
In this chapter, the input impedance of a RF/DC rectifier is analyzed and observed dur-
ing the charging phase, and based on the analysis, a technique is proposed to improve
the charging speed of the RF/DC energy harvester by employing an adaptive matching
network. The technique has been demonstrated with a prototype design by comparing
with the current standard design methods. In the experimental setup, the proposed tech-
nique more than doubles the charging speed. The technique has been proposed for the
objective application of wireless sensor nodes, and the further work would focus on the
generating the feedback control signal based on the working status of the rectifier.
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This thesis has presented energy harvesting techniques for energy-autonomous elec-
tronic devices. Different energy transducers have been investigated and for each power
management circuit is implemented. A hybrid energy harvesting system is developed
to harvest electric power from the ambient solar and heat sources for the wireless sen-
sor node application of bridge health monitoring. To improve the performance, different
maximum power point tracking techniques have been explored. Further, energy harvest-
ing from the radio frequency signal is emphasized aiming to improve the power transfer
efficiency of the power management circuits.
6.1 Contributions of the Work
The contributions of this thesis can be summarized in the following points:
• System level analysis of integrated WSN with RFID reader is first done which de-
notes the importance of improving the power utilization to prolong the battery life.
Methodology has been proposed to save the power by adaptively tuning the ra-
diated power from the RFID reader according to the need of the transponders in
different working phases. In the transponder design, the common employed en-
ergy harvesting circuit which consists of an antenna, a static matching network and
a rectifier is suggested to be modified with adaptively tuning the matching network
based on the current consumption of the transponder.
• The analysis of the RF-DC power harvester with dynamic loads has been focused
and a new approach is investigated by adjusting the RF matching network accord-
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ing to the operation conditions with the aid of a feedback control. A compact
I/V model of diode-connected transistors working in strong-inversion and sub-
threshold is developed with the objective to simplify the analysis. Based on the
model, the voltage sensitivity of the circuit is derived and analyzed. A load-dependent
large-signal input resistance model and the minimum power required to achieve a
certain DC voltage supply with variable load currents are then derived. The con-
cept of an operation-controlled tuneable matching network is proposed in order to
maximize the overall power efficiency.
Based on the theoretical analysis, a prototype implementation of a radio frequency
wave energy harvester with the capability of self-adjusting the matching network
to adapt to changing load conditions is realized. An auxiliary charge-pump is de-
signed to supply the power for the supplemental control unit. The design is im-
plemented in a standard 0.13-µm CMOS process. The prototype design is analysed
based on its post-layout simulation. The results show that the power transfer effi-
ciency with using the proposed design can achieve a level of over 70% independent
of the load conditions, which indicates that the power transfer efficiency in vari-
able operation states can be guaranteedwith employing the autonomously adaptive
matching network.
• Furthermore, the input impedance of a RF/DC rectifier is analyzed and observed
during the charging phase, and based on the analysis, a technique is proposed to im-
prove the charging speed of the RF/DC energy harvester by employing an adaptive
matching network. The technique has been demonstrated with a prototype design
by comparing with the current standard designmethods. In the experimental setup,
the proposed technique more than doubles the charging speed. The technique has
been proposed for the objective application of wireless sensor nodes.
6.2 Directions for Future Work
The proposed methodology of employing an adaptively tuneable matching network in
RF energy harvesting circuitry represents a novel perspective of improving the power
utilization in remote wireless devices. It has also put forward new challenges to the tune-
able devices operating in RF/microwave region. Some future work which can be focus
on is summarized in the following points:
• To benefit the proposed methodology of improving the power utilization, a cogni-
tive remote integratedWSN/RFID reader is to be developedwhich is able to radiate
the wireless power adaptively according to the need of the passive devices.
• CMOS technology-based tuneable devices, likeMOSFET switch, MOS varactors can
be applied in low-voltage operation, but the power consumption is too high to be
acceptable for tuneable matching network. Low-voltage, low-power-consumption
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tuneable devices like varactors are desired for the application in batteryless wireless
devices.
• The feedback control circuit for adaptively tuning the matching network during the
charging procedure has been studied. Proper topology is to be chosen for different
application scenarios.
• Hybrid energy harvesting system design consisting of both ambient and dedicated
energy sources is applicable for future wireless sensor networks to improve the re-
liability.

Appendix A
Modified Bessel Functions
A.1 Modified Bessel equation
x2
d2y
dx2
+ x
dy
dx
+ ((ix)2 − ν2)y = 0 (A.1)
where i =
√−1, or equivalently:
x2
d2y
dx2
+ x
dy
dx
− (x2 + ν2)y = 0 (A.2)
For x > 0, its solution is:
y = AJν(ix) + BYν(ix) (A.3)
or
y = CIν(x) +DKν(x) (A.4)
where Iν(x) and Kν(x) are the modified Bessel functions of the first and second kind of
order ν.
A.2 Modified Bessel Functions
Integral forms of modified Bessel functions for integer orders n = 0, 1, 2, 3, ...
In(x) =
1
π
∫ pi
0
cos(nθ)e(xcosθ)dθ (A.5)
with integer order n = 0:
I0(x) =
1
π
∫ pi
0
e(xcosθ)dθ (A.6)
Asymptotic approximation of modified Bessel functions:
for large values of x:
In(x) =
ex√
2πx
[1− 4n
2 − 12
1(8x)
(1− 4n
2 − 32
2(8x)
(1− 4n
2 − 52
3(8x)
(1− ...)))] (A.7)
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